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Abstract 
 
Development of surface micromachined Aluminum Nitride air-bridges for 
piezoelectric MEMS/NEMS applications by Metal Organic Vapor Phase Epitaxy 
techniques 
 
Sridhar Kuchibhatla 
 
Group III-nitrides have attracted considerable attention for piezoelectric Micro/Nano 
electromechanical (MEMS/NEMS) applications due to their excellent bio compatibility, well 
developed growth techniques for high quality thin films and structural stability at high 
temperatures when compared to the commonly used piezoelectric metal oxides. Among the 
group III-nitrides Aluminum Nitride (AlN) possess superior material properties such as 
highest piezoelectric coefficient and good mechanical properties.  Growth techniques for 
fabricating group III-nitride MEMS/NEMS by metal organic vapor phase epitaxy 
(MOVPE) techniques have involved sacrificial layers such as epitaxial group III-
nitrides/alloys, nanocrystalline films and porous interlayers. However, the material 
properties of the MOVPE grown films on the amorphous sacrificial layers such as silicon 
oxide have not been adequately investigated to evaluate potential MEMS/NEMS devices 
such as piezoelectric micro/ nanofluidic channels. 
  
This work demonstrates a process for the fabrication of Aluminum nitride (AlN) 
thin film air-bridges using MOVPE techniques on silicon templates. Micro-FTIR 
techniques were used to study the crystallographic orientation of the AlN thin film air-
bridges with lateral dimensions as low as 100 μm.  FTIR results also show that the wet 
etching process to remove the underlying sacrificial layer also improves the material 
properties of the AlN films on SiOx.  The study indicates that AlN air-bridges are 
polycrystalline in nature and are preferentially c-axis oriented after wet etching.  Lateral 
field excitation of the piezoelectric films and laser Doppler vibrometer techniques were 
combined to investigate the piezoelectric response of the AlN films on the sacrificial 
layer.  Lateral field excitation of the AlN films grown on the amorphous sacrificial layer 
shows that the AlN films exhibit piezoelectric properties.  The displacement of the AlN 
air-bridges obtained by lateral field actuation is around 1 nm over an air-gap of 130 nm 
after the removal of the sacrificial layer.  However, the mismatch in the coefficient of 
thermal expansion between the substrate and thin films induces significant residual stress 
in the heterostructure.  The AlN air-bridges on silicon substrate exhibit fracture due to the 
tensile residual stress exceeding the fracture limit.   
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Chapter 1. Introduction 
 
1.1 Problem statement: 
To investigate the material properties of AlN thin films grown by metal organic  
vapor phase epitaxy techniques on amorphous sacrificial for evaluating potential 
MEMS/NEMS devices.    
1.2 Material issues: 
Wide bandgap group III-Nitride materials such as Aluminum Nitride (AlN) and its 
alloys have attracted considerable attention for the fabrication of Micro/Nano 
electromechanical systems (MEMS/NEMS) devices due to their excellent bio 
compatibility, well developed growth techniques for high quality thin films, and chemical 
stability at high temperatures in comparison to other common piezoelectric materials 
such as quartz, polyvinylidelflouride and metal oxides [1].  Among the group III-Nitrides, 
wurtzite AlN exhibits excellent piezoelectric properties and is expected to maintain its 
properties up to 1150 °C [2].  Even though the piezoelectric properties depend on the 
microstructure of the films, polycrystalline AlN films with preferred c-axis orientation 
are known to exhibit properties similar to crystalline AlN films [3], [4], [5], [6], [7].  
Typically, reactive sputtering techniques have been used to deposit polycrystalline AlN 
films on a variety of sacrificial layers such as amorphous silicon oxide (SiOx) to fabricate 
free standing bridges [8].  However, the sputtered AlN system requires an underlying 
mechanical support structure such as silicon nitride (Si3N4) due to the low mechanical 
strength of the sputtered AlN films [9].  In the Metal Organic Vapor Phase Epitaxy 
(MOVPE) of certain III-Nitride materials, dielectric layers, such as SiOx or Si3N4, can be 
used as a mask to promote selective growth as seen in the Selective Area Growth (SAG) 
or Epitaxial Lateral Overgrowth of GaN [10].  However, the high sticking coefficient and 
short diffusion length of Al species during MOVPE growth results in the nucleation of Al 
containing alloys on dielectric layers [11], [12].  Specifically, the growth of AlxGa1-xN 
(0<x<1) on SiOx using MOVPE techniques has been reported in several experiments 
related to SAG techniques on Silicon and GaN/sapphire templates [13], [14], [15], [16], 
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[17] .  Growth or deposition of active piezoelectric MEMS/NEMS layer on sacrificial 
material is a well developed process for Si.  However, the material properties of the 
MOVPE grown films on the amorphous sacrificial layers such as SiOx have not been 
thoroughly investigated to evaluate potential MEMS/NEMS devices such as piezoelectric 
micro/nanofluidic channels [18].   
1.3 This work: 
This work discusses the material properties of AlN thin films grown on patterned 
amorphous sacrificial layer on various substrates such as Si (111), sapphire. Chapter 2 
discusses the literature relevant to theory of piezoelectricity and techniques to fabricate 
suspended structures on micromachineable and non micromachienable substrates.  
Chapter 3 details the process flow to fabricate AlN air-bridges addresses techniques such 
as Micro-Raman and Micro–FTIR to investigate the material properties of AlN thin films.  
In Chapter 4 we discuss the properties of AlN films grown on SiOx. Chapter 5 discusses 
the actuation mechanism for the AlN air-bridges and the techniques to determine the 
piezoelectric coefficient of AlN. 
 
 
 
  
3 
 
Chapter 2. Literature Review 
 
Micro electro mechanical (MEMS) are a group of microsensors and actuators that 
can sense and react to changes in external environment through micro circuit control.   
 
2.1 Electrostatic MEMS 
Typically electrostatic actuation has been used to operate MEMS devices.   
 
 
 
Figure 2.1: Electrostatic actuated parallel electrodes separated by an air-gap. 
 
Shown in Figure 2.1 is a highly simplified model of an electrostatic actuator 
consisting of two parallel metal electrodes separated by an air-gap.  Usually the lower 
electrode is fixed and the top electrode is free to move.  Applying an electric field across 
the electrodes results in charges of opposite polarity on the electrodes. Oppositely 
charged electrodes are attracted towards each other resulting in the movement of the top 
electrode towards the fixed electrode thereby reducing the air-gap.  To prevent an 
electrical short circuit between the metal electrodes and for increasing the force of 
attraction between the electrodes, dielectric materials such as silicon nitride, silicon-di-
oxide are included in-between the metal electrodes [19].  Some of the advantages of 
electrostatic MEMS include low power consumption, fast and simple process 
requirements for integrated circuit integration.  Disadvantage of the electrostatic based 
MEMS arise from the high operating voltages which typically range between 20-80 V 
[20].  Separate on-chip power supplies or charge pumps are required to generate the high 
voltages.  In order to improve the functionality and performance of MEMS devices, such 
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as obtaining a low operating voltage, piezoelectric material systems have been 
synthesized and implemented in MEMS devices to realize smart MEMS devices [21].  
 
2.2 Piezoelectric MEMS 
2.2.1 Piezoelectric effect: 
Piezoelectricity is a property of certain class of materials which produce charges 
on applying an external mechanical stress. Shown in Figure 2 is a 2D molecular model 
explaining piezoelectric effect [22].  Consider a molecule in which the dipoles are 
arranged symmetrically as shown in Figure 2.2 (a).   
 
 
 
 Figure 2.2: Molecular model explaining the piezoelectric effect (a) Undisturbed 
molecule (b) Molecule subjected to external mechanical stress (c) Polarized material [22] 
 
Due to the symmetrical arrangement of the dipoles the electric fields cancel 
resulting in the positive and negative centers coinciding; as such the molecule remains 
electrically neutral.  The positive and negative centers separate when a mechanical stress 
is applied externally.  This leads to a net induced internal electric field as shown in Figure 
2.2 (b) and the molecule is polarized. A piezoelectric material consisting of several such 
molecules arranged in a regular fashion and bounded by metal electrodes, when subjected 
to an external mechanical stress generates a net non-zero internal electric field as seen 
from Figure 2.2 (c).  The internal electric field induces charges of opposite polarity on the 
electrodes.  This effect is commonly referred to as a direct piezoelectric effect.  The 
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effect is reversible, in other words on applying an external electric field to a piezoelectric 
material the dipoles change length resulting in a mechanical strain and thereby a change 
in the dimensions of the material as shown in Figure 2.3.  This is called the converse or 
the inverse piezoelectric effect. 
 
 
 
 
 
 
 
 
 
Figure 2.3: Change in the dimensions of the piezoelectric material due time varying 
voltages. 
 
Harmonic mechanical vibrations can be generated by applying an AC electric 
field across the thickness of piezoelectric material.  The AC field induces compression 
and expansion of the piezoelectric material alternatively, depending on the polarity of the 
applied voltage. 
 
2.2.2 Constitutive equations [23]: 
Direct piezoelectric effect: 
Applying a stress to an elastic material produces an elongation or compression in 
the direction of the applied stress.  Within the elastic limits the stress „T‟ is proportional 
to the strain produced „S‟ expressed mathematically as:   
 
 
 
YsT  Eq  2.1 
 
T - Stress applied (N/m
2
) 
Y - Young‟s modulus of the material (N/m2) 
~ 
Voltage 
source 
Unactuated piezoelectric 
material  
 
Actuated piezoelectric 
material  
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 s - Strain produced (m/m) 
When a piezoelectric material is subjected to a mechanical stress in addition to an 
elongation or compression similar to the elastic material a charge is also produced at the 
electrodes at the ends of the specimen.  This charge flow is produced by the motion of the 
dipoles in the piezoelectric material.   This can be expressed mathematically as:   
 
 
dTD  Eq  2.2 
D - Electric displacement (C/m
2
) 
d - Piezoelectric strain coefficient (C/N) 
 T – Stress applied (N/m2) 
 
Converse piezoelectric effect: 
On applying a constant potential across the electrodes of a piezoelectric material 
an electric field is produced.  The electric field produces an attraction between applied 
charge and the dipoles resulting in displacement current.  At sufficiently low electric 
fields the relation between the electric field and displacement can be expressed as: 
     
 
 
ED  
Eq  2.3 
D - Electric displacement (C/m
2
) 
ϵ - Dielectric permittivity (F/m) 
E – Applied electric field (V/m) 
 
The attraction between the charge and dipoles leads to a change in length of the dipoles 
resulting in a strain in the material.  In the linear regime the relation can be expressed as : 
 
 
dEs  
Eq  2.4 
s - Strain produced (m/m) 
d – Piezoelectric strain coefficient (m/V) 
E – Applied electric field (V/m) 
 
The electromechanical effects describing the basic properties of a piezoelectric material 
can be expressed together in a mathematical know as the constitutive equations: 
7 
 
 
 E
T
d
dc
D
s
 Eq  2.5 
 
 
 
The electromechanical coupling is represented by the off diagonal term.  A larger 
value of “d” produces a higher strain for the same applied electric field.  Therefore the 
piezoelectric coefficient is used as a parameter for comparing the piezoelectric strength of 
different materials.     
 
In a three - dimensional case as shown in Figure 2.4 the properties of a material can vary 
with the direction vector.  
 
There are three directions in which the electric field can be applied.  These directions are 
labeled are En, where n = 1, 2, 3.  
 
Similarly there are three directions in which electric displacement can be produced and 
are labeled as Dm, where m=1, 2, 3.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4: Piezoelectric cube showing the coordinate axis in three-dimensional 
analysis [23]. 
33 
32 
31 
3 (z) 
1(x) 
2(y) 
23 
22 21 
13 
11 
12 
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The strain components are labeled as 
mn
, where m,n =1,2,3. On each face of the cube 
three strain components can be defined.  One strain component is perpendicular to the 
face and the remaining two are parallel to the surface of the face.  The first index refers to 
the face upon which the strain component acts and the second subscript represents the 
component directions.     
 
The general relationship between the electric displacement and electric field is now given 
by: 
 
 
 
3332321311
3232221211
3132121111
EEED
EEED
EEED
TTT
TTT
TTT
 
Eq  2.6 (a) 
Eq  2.7 (b) 
     Eq  2.8 (c) 
 
In tensor form the above equations can be expressed as: 
 
 n
T
mnm ED  
Eq  2.9 
 
 
Similarly the stress strain relation for a linear elastic material in tensor form is given by: 
 
 
 kl
E
ijklij Tcs  
Eq  2.10 
 
The nine states of strain are related to the three applied electric field through tensor form 
as follows: 
 
 nijnij
Eds  Eq  2.11 
 
The electric displacement can be related to the mechanical stress through: 
 
 klmklm
TdD  Eq  2.12 
 
 
Finally the constitutive equations for a linear piezoelectric material is expressed in the 
form of tensors as follows: 
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Eq  2.13(a) 
     Eq  2.14 (b) 
 
 
Where the superscripts indicate the boundary conditions under which the measurements 
were taken 
c – Compliance  
E – At constant electric field 
T – At constant stress                  
i,j,k,l,m,n = 1,2,3         
 
Compact notation for piezoelectric constitutive equations: 
The complex tensor forms can be further simplified by taking into account the 
symmetry.  From the symmetry of the stress and strain tensors the constitutive equations 
can be written as: 
 
 
Tij = Tji 
Sij = Sji 
         Eq  2.15 (a) 
Eq  2.16 (b) 
Following the above representation new stress and strain components can be 
defined. 
                                   
 
S11=S1, 
S22 = S2 
S33 = S3S4 = S23+S32 
S5 = S31+S13 
S6 = S12+S21 
          Eq  2.17 (a) 
Eq  2.18 (b) 
Eq  2.19 (c) 
Eq  2.20 (d) 
Eq  2.21 (e) 
2.2.3 Types of piezoelectric materials: 
Piezoelectric materials belong to a class of crystalline solids where the atoms are 
arranged in a periodic fashion throughout the bulk material.  Piezoelectric materials occur 
naturally in the world.  Examples of naturally occurring piezoelectric crystals are quartz, 
Rochelle salt etc.  In order to increase the electromechanical coupling synthetic 
piezoelectric material systems have been realized which have a significantly higher d 
value when compared to naturally occurring crystals. 
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Poling process: 
Generally the synthetically processed materials do not exhibit piezoelectricity due 
to the randomly oriented electric dipoles as shown in Figure 2.5 (a).  In order to align the 
dipoles in a regular fashion a process called poling is performed.   
 
 
 
 
 
 
 
 
 
 
 
Figure 2.5: (a) Randomly aligned electric dipoles (b) and (c) Poling process [23] 
 
In this process the material is heated to a high temperature typically above its 
Curie temperature Figure 2.5 (b).  At this temperature the dipoles are easy to align as the 
material is softer.  The alignment of the dipoles is achieved by applying an external 
electric field.  The electric field produces an alignment of the dipoles along the direction 
of the electric field.  Upon reducing the temperature quickly and removing the external 
electric field results in a material where the dipoles are oriented along a preferential axis 
as shown in Figure 2.5 (c).  This axis is called the poling axis [23].  When working in the 
Cartesian co-ordinate system the z-axis (3) is usually taken along the poling axis.  
 
 
Spontaneously polarized piezoelectric crystals: 
There are certain classes of synthetic crystals which possess a net non-zero 
internal electric field after crystal growth without the necessity of the poling process.  
Such crystals are said to be spontaneously polarized.  Aluminum Nitride (AlN), Gallium 
Nitride (GaN), Zinc oxide (ZnO) are some examples of spontaneously polarized 
piezoelectric materials.      
++++++++ 
 
---------
--- a b c 
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Mode of operation of piezoelectric devices: 
Piezoelectric devices are typically designed to operate in either d33 (thickness 
mode) or d31 (transverse mode).  In the d33 mode an external electric field is applied along 
the polarization direction (3) and the strain produced along the polarization axis is used 
for the device operation.  In the d31 mode of operation the external electric field is applied 
in the direction of polarization (3) and the strain produced in the direction perpendicular 
the poling axis i.e “1” or “2” is utilized to generate motions such as bending.       
 
2.3 Introduction to III nitride MEMS 
Of late wide band gap piezoelectric group III-nitrides (AlInGa-N) have attracted 
considerable attention for MEMS/NEMS applications. Compared to metal oxides wide 
bandgap materials have excellent bio compatibility, well developed growth techniques 
for high quality thin films and stability at high temperatures [1].  In addition metal oxide 
systems are not compatible with Si technology and degrade electronic circuits through Zn 
and Pb contamination.  Unlike wide band gap semiconductors such as GaN,AlN thin film 
deposition techniques for metal oxides are not well developed. Therefore metal oxide 
systems are difficult to integrate with NEMS.  Among the group III-nitrides AlN has 
largest piezoelectric coefficient with d33 varying from 4 – 7 pm/V and possesses good 
mechanical strength. Thus, AlN films are suitable building blocks for fabricating 
electromechanical devices in micro and nanometer scale.   
 
Commonly used piezoelectric materials and the piezoelectric coefficients are 
shown in Table 2.1.  Curie temperature (TC (°C)) is the temperature at which the material 
loses its  piezoelectric properties.  Even though the piezoelectric coefficients of AlN are 
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Table 2.1. Piezoelectric coefficients and Curie temperature of commonly used 
materials [1]. 
 
 
 
lower than most of the materials listed in Table 1, AlN is expected to maintain its 
piezoelectric properties upto 1150 °C [24].   
 
Bimorph cantilever and doubly clamped beam are some of the typical 
configurations of piezoelectric devices are shown in Figure 2.6.             
 
 
 
Figure 2.6: Common configuration of piezoelectric actuated beams (a) Bimorph 
cantilever (b) Doubly clamped beam [1].  
 
2.3.1 Strategies to fabricate MEMS devices: 
Some of the commonly used strategies to fabricate wide bandgap piezoelectric 
actuators are show in Figure 2.7.  These are broadly classified into bulk micromachining 
and surface micromachining.      
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Figure 2.7: Commonly used strategies for fabricating suspended MEMS/NEMS 
structures [1]. 
2.3.1.1 Bulk Micromachining: 
Bulk micromachining is the process of etching material from the bulk substrate to 
form suspended micro structures.  As shown in Figure 2.7 in the first step a piezoelectric 
layer also called the functional layer is grown on the substrate.  In the next step the 
functional layer is patterned to get the desired design.  In the final step the patterned 
sample is subjected to a wet etching process to etch the underlying bulk substrate.  Wet 
etching is the process of selective dissolution of materials in liquid chemicals.   The wet 
etching process leads to the removal of the bulk material under the functional layer.  This 
process leads to the formation of a suspended micro structure.  An alternate technique to 
fabricate suspend structures is shown in Figure 2.8.  The functional layer grown on top of 
the substrate is used as the etch stop layer while the substrate is etched from the rear side.  
Additionally the rear side is masked with etch resistant materials to form a cavity in the 
substrate after etching. 
 
 
 
Figure 2.8: Bulk micromachining process. 
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However, this technique has been developed for Si and SiC substrates only.  Typically 
group III nitride thin films are grown on bulk sapphire substrate.  The growth technique is 
called homoepitaxy if a crystalline functional film is grown on the substrate of the same 
material.  The growth is referred to as heteroepitaxy if the crystalline functional layer and 
substrate are different materials. But techniques to selectively etch sapphire have not 
been developed, as such bulk micromachining techniques cannot be used to realize all-
nitride heteroepitaxial MEMS structures.  An example of an all-nitride MEMS structure 
is shown in Figure 2.9.   
 
But the advantage of sapphire is its chemical stability at high temperatures and is 
optically transparent.  Group III–nitride thin film heterostructres grown on Si substrate 
result in films with high defect density.  The defects degrade the material properties of 
the films and thereby the performance of the device.  With SiC being a very expensive 
substrate sapphire is the only available choice for realizing all-nitride MEMS/ NEMS 
devices. 
 
 
Figure 2.9: All-nitride MEMS heterostructure [25]. 
 
2.3.1.2 Surface Micromachining: 
Surface micromachining is the process of selective removal of a sacrificial layer 
from underneath the functional layer to create suspended microstructures.   As shown in 
Figure 2.10 a sacrificial layer is grown on the substrate. A functional layer is later grown 
on the sacrificial layer.  In the next step the functional layer and sacrificial layer are 
patterned according to the design requirements.  The patterned sample is subjected to wet 
etching.  The wet etching process selectively under etches the sacrificial layer relative to 
the substrate and the functional layer.  This results in the formation of a suspended 
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microstructure.  An alternate process for fabricating surface micromachined structures is 
shown in Figure 2.10.         
 
 
 
 
Figure 2.10: Surface micromachining process. 
 
 
In this process the substrate is patterned with a sacrificial layer.  In the next step a 
functional layer is grown on the patterned substrate.  Finally the underlying sacrificial 
layer is selectively removed by wet etching.    
 
Advantages of surface micromachining technique [26]:  
 Ability to control the air-gap height down to few monolayers in heteroepitaxial 
systems. 
 A wide variety of substrates and sacrificial layers can be used including sapphire 
substrates. 
 Precise control of the undercut of the functional layers by dimensions of the 
sacrificial layer. 
 Possibility of using epitaxial layers as sacrificial layer, which implies a high 
quality functional layers and thereby better device performance. 
 
Surface micromachining is the only available technique to fabricate MEMS/NEMS 
structures on non micro machineable substrates such as sapphire.  Consequently for 
realizing all-nitride heteroepitaxial MEMS devices on sapphire substrates selective 
etching techniques are required.   
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Epitaxial functional layers: 
Group III-nitride thin films can be deposited on a variety of substrates owing to the 
various techniques by which the films can be deposited.  Techniques range from low 
temperature such as reactive sputtering to high temperature techniques such as metal 
organic vapor phase epitaxy (MOCVD or MOVPE), Molecular beam epitaxy (MBE) [7].  
MOCVD and MBE are the generally preferred techniques to grow epitaxial group III-
nitride thin films.  Thin films deposited by reactive sputtering techniques at room 
temperature usually result in polycrystalline films.  Epitaxial films are generally preferred 
for MEMS devices due to their excellent optical, mechanical and electrical properties 
when compared to polycrystalline films.    
2.3.1.2.1 Types of sacrificial layers deposition and etching techniques: 
The functional layers can be deposited on a range of sacrificial layers.  The choice of 
the sacrificial layer depends on the technique to remove the sacrificial layer after the 
deposition of the functional layer.  The sacrificial layer also controls the crystal quality of 
the functional layer.  The sacrificial layers can be broadly classified into the following list: 
 Epitaxial layers corresponding to group III-nitrides. 
 Porous substrate or thin film. 
 Nanocrysatlline thin films. 
 Oxides, metals, polymers. 
Oxides and polymers are usually used as sacrificial layer for the deposition amorphous 
and polycrystalline thin films. 
1. Epitaxial layers: 
High quality functional layers can be obtained by overgrowing the functional 
layers on single crystal sacrificial layers.  In group III-nitrides the sacrificial layer is a 
combination of Al,In,Ga elements in different proportions.  By varying the mole fraction 
of Al,Ga or In the properties of the material system such as the lattice constant can be 
varied as shown in Figure 2.11.  Photoelectrochemical (PEC) chemical etching and wet 
etching AlN are some well developed techniques to etch sacrificial group III-nitrides.   
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 Figure 2.11: Variation of emission wavelength and bandgap of III-nitrides with Al, Ga 
and In mole fraction [27].  
Wet chemical etching: 
Due to the high chemical stability of group III-nitride films it is difficult to etch 
the films in corrosive solutions.  GaN   can be wet etched in molten salts such as KOH, 
NaOH only at temperatures above 250°C [28].  While AlN films can be etched in 
hydroxyl based solutions [29], [30]and phosphoric acid at 80°C [31].  The etch rate of the 
AlN films depends on the crystalline quality of the films.  The etch rate of crystalline 
AlN films is much lower than polycrystalline films as shown in Figure 2.12.  As shown in 
Figure 2.12 the etch rate of the AlN films decreases with increasing mean grain size of 
the films.  The etching process starts at the defects.  The higher etch rates in 
polycrystalline films is due to the existence of a higher defect concentration in 
polycrystalline films when compared single crystal films. 
 
 
 Figure 2.12: Etch rate of AlN films grown by different methods [30]. 
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Further the etch rate of the AlN and GaN films is dependent on the polarity of the films.  
The N–phase is etched strongly than the metal phase [32]. 
 
PEC etching [33], [34], [35]: 
In order to overcome the wet etching limitations due to the crystal quality and 
polarity of the sacrificial layer PEC techniques have been developed.  PEC process is 
based on the enhancement of wet etching by ultraviolet (UV) radiation.  The etching 
proceeds via oxidation of the semiconductor surface and subsequent dissolution of the 
surface oxides.  The chemical equation explaining the etching process for GaN is shown 
below: 
OHGaOOHOGa
NOHOGaOHhGaN
2
3
332
2232
326
3662
 
 
From the above chemical equation it can be seen that generation of holes (h
+
) is 
necessary for oxidation to occur.  Irradiation of semiconductors by UV light with photon 
energy higher than the band gap leads to the excitation electrons to the conduction band. 
The excitation process also creates holes in the valence band.  It is these holes which 
participate in the oxidation process.  Further the oxidation process is enhanced through 
proper doping of the semiconductor.  Therefore the photon energy and doping 
concentration are the two fundamental parameters which determine the etch rate and etch 
selectivity of the PEC process.   
 
Bandgap selective etching can be performed by changing the emission 
wavelength of the UV source.  Irradiation of a heterostructure, in which the bandgap of 
the functional and sacrificial layers are higher and lower than the photon energy 
respectively, results in the generation of holes in the sacrificial layer.  The generation of 
holes in the sacrificial layer leads to a selective etching of the sacrificial layer.  Figure 
2.13 shows that lower band gap material have a larger lattice constant.  Therefore the 
functional layer is usually tensile stressed which is beneficial for MEMS fabrication as it 
avoids buckling or out of plane deformation of the MEMS device.  The process flow for 
the fabrication of a GaN cantilever by PEC is illustrated in Figure 2.13. 
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 Figure 2.13: Process flow to fabricate GaN cantilever on sapphire substrate by PEC (a) 
masking from front side (b) masking from backside with GaN as light absorbing filter [1], [36]. 
 
This process is a fully PEC based etching technique.  In the first step front side 
illumination is used to etch down to the sapphire by using the metal as a mask as shown 
in Figure 2.13 (a).  The metal does not allow the light to propagate down to the 
underlying layers.  Due to the high photon energy used, the light is absorbed by the all 
the layers under the unmasked area. The layers are unselectively etched down to the 
sapphire substrate surface.  In the second step the etched structure is subjected to band 
gap selective etching through backside illumination to etch the InGaN layer.  In addition 
the backside is patterned with metal to control the lateral etching.  Further the thick GaN 
layer on the substrate absorbs photon energies close to the GaN bandgap from reaching 
the top GaN layer. 
 
Difference in the doping of the functional and sacrificial layer can also be used to 
fabricate suspended structures using the PEC process.  This process was used to realize 
an n-GaN microfluidic channel on a p-GaN sacrificial layer [37].  The lateral etching was 
controlled by masking through Ni/Au electrodes as shown in Figure 2.14.  
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 Figure 2.14: Schematic of doping selective PEC etch process for fabrication of GaN 
microfluidic channels [37] 
 
This technology, which is an extension of photo-electrochemical etching, allows for the 
controlled and rapid undercutting of p-GaN epilayers. The control is achieved through the 
use of opaque metal masks to prevent etching in designated areas, while the high lateral 
etch rates are achieved by biasing the sample relative to the solution. For GaN 
microchannel structures processed in this way, undercutting rates in excess of 30 μm/min 
have been attained [37].  Based on the above techniques it can be concluded that III-
nitride single crystal sacrificial layers can used for fabricating surface micromachined all-
nitride heteroepitaxial MEMS/NEMS devices on sapphire substrates.  PEC techniques 
can be applied to selectively etch the underlying sacrificial layers both laterally and 
vertically.   While PEC technique can be used to etch III-nitrides at reasonable at rates   
the technique does have some drawback:  
 
Some of the drawbacks of the PEC techniques include: 
 PEC is possible only when the energy of incident photon is higher than the energy 
of the band gap of the sacrificial layers. 
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 The etching process may result in rough edges [38]. 
 
Nanocrysatlline thin films, oxides, metals, polymers are some of the commonly used 
sacrificial layers for fabricating MEMS devices.  But MOVPE based III-nitride growth 
on these sacrificial layers has not been thoroughly investigated to fabricate 
MEMS/NEMS devices.  
 
Advantages of SiOx 
Polymers, metals are not stable at high temperatures and are thus unsuitable for 
MOVPE growth.  The nanocrystalline sacrificial films tend to recrystallize during the 
high temperature growth and thereby reduce the etch rates during the wet etching process.  
The recrystallization process also limits the growth temperature of the epitaxially 
overgrown layer [1].  Oxide based sacrificial layers such as silicon oxide (SiOx) has the 
potential to be used as sacrificial layers as they can sustain at high temperatures. Further 
the oxides can be deposited using several techniques such as PECVD, sputtering, e-beam 
evaporation etc and the wet etching techniques for silicon oxides sacrificial layers are 
well developed.  Taking into consideration the aforementioned advantages of silicon 
oxides, this work demonstrates a process for fabricating MOVPE based thin film AlN air-
bridges using SiOx as a sacrificial layer. 
2.3.2 Lateral growth techniques III nitrides: 
Lateral growth of III-nitrides using SiOx shown in Figure 2.7 allows for the 
reduction in the number of processing steps to etch the sacrificial layer.  Lateral growth 
has been primarily developed for GaN.  Shown in Figure 2.15 is a lateral growth process 
of GaN.      
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Figure 2.15: Lateral growth process of GaN (a) Schematic (b) SEM cross section image 
[39] 
 
In this process the GaN surface is patterned with SiOx stripes.  In the subsequent steps 
GaN growth is performed by MOCVD techniques.  Due to the low sticking coefficient 
and high mobility of the Gallium adatoms on SiOx  GaN does not grow on SiOx   but 
preferably grows on GaN surface i.e in between the SiOx  stripes as shown in Figure 9.  
However during the growth AlxGa1-xN fims on GaN surface patterned with SiOx 
stripes ,AlGaN growth was observed on the stripes as well as shown in Figure 2.16.  The 
growth on SiOx is due to the high sticking coefficient and low adatom mobility of 
aluminum on SiOx.  Moreover with increasing Al fraction in AlxGa1-xN the thickness of 
of the film on SiOx was reported to be the same as that of the film on GaN surface 
between the stripes [39].           
 
 
 
 
 
 Figure 2.16: Lateral growth process of AlGaN (a) Schematic (b) SEM cross section 
image  of AlGaN growth on SiOx with 40% aluminum [40] 
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In the current work the lateral growth technique with AlN has been explored to fabricate 
suspended AlN air-bridges.  
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Chapter 3. Experimental Method    
 
3.1 Flow process for fabricating AlN air-bridges: 
 
The flow process for fabricating AlN air-bridges is shown in Figure 3.1.   
 
 
 
 
 
Figure 3.1: Flow process for the fabrication of thin film AlN air-bridge. 
 
 
Initially SiOx films of thickness 130 nm were deposited on the substrates such as 
Si (111) and GaN/Sapphire templates using plasma enhanced chemical vapor deposition 
(PECVD) techniques.  Due to the nature of the deposition technique the films were 
amorphous in nature.  In the next step photo resist was used as a mask to etch the 
underlying   SiOx sacrificial layer.  The photo resist was patterned into stripes using 
standard UV lithography techniques.  The width of the stripes ranged from 70 µm to 100 
µm.  The patterned samples were hard baked and subsequently etched in buffered HF 
(10:1) solution to remove the exposed SiOx layer.  After the removal of the photo resist 
layer AlN films of thickness 300 nm were grown by MOVPE technique.   
 
3.2 Growth conditions for AlN films: 
AlN films were grown on the patterned substrates in an AIXTRON 200/4 RF-S 
MOVPE horizontal reactor. Trimethylaluminum and ammonia were used as the 
precursors with typical flows around 12 μmol/min and 1.5 slm respectively.  Hydrogen 
was used as the carrier gas with the total flow into the reactor being approximately 9000 
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slm. All growths were conducted at a reactor pressure of 50 mbar and a temperature 
around 1100 °C resulting in an approximate growth rate of 4 nm/min.  AlN thin films 
were grown on Si and GaN/Sapphire substrates patterned with SiOx sacrificial layer.  In 
order to fabricate suspended AlN structures it is necessary to remove the underlying 
sacrificial layer.  The samples were etched in buffered HF (10:1) to remove the sacrificial 
layer to realize suspended AlN structures. 
 
3.3 Structural Characterization: 
 
Thermodynamically AlN is stable in a wurtzite phase. In order to fully exploit the 
piezoelectric properties of the AlN films for MEMS/NEMS device operation it is 
necessary that the AlN films exhibit a c-axis oriented wurtzite crystallography for 
optimum electromechnical coupling.  The wurtzite structure consists of a hexagonal unit 
cell.  In the wurtzite structure the Al and N atoms are tetrahedrally bonded to four N and 
four Al atoms respectively as shown in Figure 3.2.  The wurtzite structures are 
characterized by lattice constants “a” and “c”.          
       
  
 
 
 
 
 
 Figure 3.2: (a) Wurtzite crystallographic structure of AlN (b) Lattice points on the c 
plane [41]. 
c 
a 
(a) 
(b) 
a 
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It is known that in MOVPE growth techniques, the crystallographic orientation and 
crystal quality of the films primarily depend on the crystallographic structure of the 
surface on which the film is grown.  Table 3.1 lists the properties of the AlN films grown 
by MOVPE techniques on Si (111) and GaN (0001) templates.   
 
                       Table 3.1. Properties of AlN film grown on different substrates 
                  
 
 
 
 
 
 
 
 
 
 
 
GaN films with c-axis oriented perpendicular to the thickness are preferred for the growth 
of c-axis oriented AlN films due to the similar wurtzite lattice structure.  Further the 
lattice mismatch between AlN (0001) and GaN (0001) is only 2.4 %.  The low lattice 
mismatch results in a heteroepitaxial high quality AlN film on GaN.   For the growth of 
AlN(0001) films on Si substrates, which possesses a cubic crystallography, substrates 
oriented in (111) direction are preferred.  Si (111) substrates offer a hexagonal symmetry 
which is similar in structure to c-axis oriented wurtzite crystals.  However there exists a 
large lattice mismatch between AlN (0001) and Si (111).  The mismatch results in misfit 
dislocations as shown in Figure 3.3.  This results in films with inferior properties.    
 
AlN  “a - lattice ” 
parameter lattice 
mismatch  
Crystal 
orientation  
GaN (0001) 2.4 %  c-axis 
Si (111)  19 %  c-axis  
SiOx  ?  ?  
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Figure 3.3: Atomic arrangement at the AlN(0001)/Si(111) [42] 
 
Despite the large lattice mismatch, c–axis oriented AlN films with good structural 
properties and smooth surface morphology can be grown on Si (111) [43], [44].  In 
comparison to GaN and Si (111) the growth of AlN by MOVPE techniques on SiOx is 
expected to give films with inferior properties due to the amorphous nature of SiOx.  But 
the material properties of AlN films on SiOx such as the crystallographic orientation or 
piezoelectricity are unknown and have been rarely reported.        
 
3.3.1 X-ray diffraction (XRD): 
 
Typically XRD techniques have been used to study the crystal structure of thin 
films.  This requires samples with lateral dimensions in the range of a few millimeters.  
But the lateral dimensions of a typical microfluidic/nanofluidic channels are much less 
than a millimeter.  These dimensions do not allow the XRD techniques to unambiguously 
determine the crystal properties of the channels.   
 
3.3.2 Micro-Raman spectroscopy: 
 
A micro-Raman spectrometer combines both the aspects of a microscope and a  
Raman spectrometer.  The setup allows the study of the material properties on the 
microscopic scale.   
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Figure 3.4: Micro-Raman spectrometer [45] 
 
3.3.2.1 Raman spectroscopy: 
 
The Raman spectroscopy is based on the optical phenomenon of inelastic scattering  
of light and was discovered by Sir C.V. Raman.  When light is scattered from molecules 
most of the photons have same energy as that of the incident photons and this 
phenomenon is called the Rayleigh scattering.  However, 1 in 10
6
 - 10
7
 photons is 
scattered inelastically resulting in an exchange of energy between photon and molecules 
of the sample [46] as shown in Figure 3.5.  The inelastic scattering of light is called the 
Raman scattering effect.  Raman scattering is essentially an excitation of a molecule from 
a ground state to virtual state achieved through the process of photon–molecule 
interaction. 
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Figure 3.5: Raman scattering effect [47] 
 
A change in the polarizability of the electron cloud in a molecule or the ability to induce 
an electric diople in the molecule is an essential condition for the molecule to exhibit the 
Raman scattering effect.  The inelastic scattering of the incident photons leads to a 
change in the vibrational energy of the molecule.  The energy levels of a molecule are 
quantized.  The energy difference between the incident and scattered photon energies is 
therefore equal to the difference in the vibrational energies of the molecule as shown in 
Figure 3.6   through the Morse curves.        
 
 
Figure 3.6: Illustration of Raman  [48] 
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Raman scattering is of two types namely Stokes and anti-Stokes as shown in Figure 3.7.   
 
 
 
 
Figure 3.7: (a) Stokes shift (b) Anti-Stokes shift [49] 
 
Stokes shift: In stokes shift, a molecule is excited by a photon the final vibrational state 
of the molecule has a higher energy than the initial vibrational state of the molecule, due 
to the exchange of energy between the molecule and the photon.  The net result is that 
reemitted photons have lower energies than the incident photons.  In the anti-Stokes shift 
the molecule absorbs photon and the emitted photon has higher energy.   
 
 The energy difference between the incident and scattered photons is usually 
expressed in terms of wavenumber.  The Raman shift is given by: 
 
scatteredincident
11
 
  
Eq 3.1 
 
 
The separation of the vibrational energy levels depends on the molecular structure.  Some 
of the factors affecting the separation of the molecular vibration energy levels are the 
atomic mass, the bond order, molecular geometry etc.  Typically a polyatomic molecule 
has more than one Raman vibrational mode resulting in multiple peaks in the Raman 
spectra.  Each of the vibrational modes has a unique Morse curve.  
3.3.2.2 Raman selection rules [50]: 
Show in Figure 3.8 is a simplified molecular model in which the positive and 
negative centers of a molecule coincide as such the molecule is non polar.  On applying 
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an external electric field to the molecule the electric field induces dipoles in the molecule 
as shown in Figure 3.8.  The molecule does not remain electrically neutral is essentially 
polarized in the presence of an external electric field. 
 
  
 
 
 
 
Figure 3.8: Dipole induced in a molecule due to external electric field 
 
The polarizability of an electron cloud in a molecule is given by: 
 EP  Eq 3.2 
P:  Induced dipole moment 
: Polarizability 
E:  Electric field 
 
The time varying electric field is governed by the relation: 
 )2cos( 00 tvEE  Eq 3.3 
Where 
0
v : Frequency of the incident electromagnetic wave.    
Substituting Eq 3.3 into Eq 3.2 yields the time varying dipole moment: 
  )2cos( 00 tEP  Eq 3.4 
 
The ability to perturb an electron cloud by an external electric field depends on the 
relative position of constitutive atoms in a molecule it follows that the polarizability also 
depends on the instantaneous position of the individual atoms.  The displacement, dQ, of 
atoms in a time varying electric field can be expressed as: 
 )2cos(0 tvQdQ vib     Eq 3.5 
vibv : is the frequency of vibration of the molecule frequency.   
The displacement of the atoms is typically small compared to the bond length and for 
such small displacements the polarizability can be expressed using Taylor series as: 
 dQ
Q
0
 
Eq 3.6 
where 0 is the polarizability of the molecule at equilibrium.  By substituting Eq 3.5 into 
Eq 3.6  the polarizability can be further expressed as: 
E ≠ 0 E=0 
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 )2cos(00 tvQ
Q
vib  
Eq 3.7 
Substituting the equation dipole moment equation yields 
 )2cos())2cos(( 0000 tEtvQ
Q
P vib  Eq 3.8 
Using trigonometric identity Eq 3.8 can be further reduced to: 
 
 ))(2cos())(2cos(
2
)2cos( 00
00
000 vibvib vtvt
EQ
Q
tEP  3.9 
 
From Eq 3.9 it can be seen that an electromagnetic wave when incident on a  
molecule can induce oscillating dipoles which re-radiate  light at three different 
frequencies at )( 0vibv , ),( 0vibv 0 .  The first term is the Rayleigh scattering in 
which the scattered light has the same frequency as that of the incident light.  The next 
two terms represent the Raman scattering, in which light is scattered at a frequency 
different from the incident light frequency.  But the necessary condition for the inelastic 
scattering to occur is that 
Q
≠ 0.  In other words a change in polarizability of the 
molecule must occur along with a change in the displacement of the individual atoms.   
The term 0vibv represents the stokes shift and the term 0vibv represents the anti-
stokes shift. 
  
 
3.3.2.3 Raman scattering under polarized incident light 
 
For a particular molecular vibration the polarization of the Raman scattered light is 
in the direction of the induced dipole moment.  When the incident light has a polarization 
in the direction of the molecular vibration the scattered light will have the same 
polarization as the incident light.  If the incident light induces a polarization in different 
direction the scattered light will have a polarization in the polarization induced direction.  
In the example show in Figure 3.9, the incident light has a polarization direction that is 
not aligned parallel to the direction of the induced dipole moment in the molecule [51].   
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Figure 3.9: Polarization direction of Raman scattered with the direction of 
polarizability of the molecule not parallel to the source polarization direction [48] 
 
However a component of the incident light electric field has a polarization direction 
parallel to the direction of polarizability of the molecule and it is this component that 
drives the Raman scattering process.  The net result is that the scattered light has a 
polarization in the same direction as the polarizability of the molecule but different from 
the polarization direction of the incident light.  
  
When polarized light interacts with a molecules, dipoles can be induced in each of 
the three Cartesian co-ordinates x,y, and z.  Thus the polarizability of a molecule is a 
tensor and can be expressed by following equation [52] : 
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Eq 3.10 
 
 
where the first subscript in represents the direction of polarizability of the molecule  
and the second subscript refers to the polarization of the incident light.  If a molecule has 
a tendency to polarize in more than one direction then the scattered light will have 
polarization in the respective directions. 
                      
Laser light incident 
light  
Laser polarization 
vector component 
Incident light  
Molecule 
Polarization direction 
of scattered light 
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3.3.2.4 Lattice vibrations: 
Typically a solid sample under analysis consists of a large collection of molecules, 
ions or atoms.  In a crystalline sample the atoms, molecules or ions are bonded together 
and shown in Figure 3.10 is the example of NaCl lattice structure.  This periodic 
arrangement is called a crystal lattice.        
 
 
 
Figure 3.10: Lattice structure of NaCl [53] 
 
 
Molecules or atoms in a gas are free to move in random direction.  But in a crystal 
these species are not free to move, as they are bound to each other through electrostatic 
forces.  At absolute zero temperature or 0 K the species are not free to move.  As the 
temperature of the sample rises above 0K the species are set into thermal vibrations [54].  
The energy is distributed throughout the lattice through mutual interaction between the 
species.  These collective vibrations propagating as waves through the lattice are called  
lattice vibrations.     
 
 Typically a solid sample under analysis consists of a large collection of 
molecules, ions or atoms.  In a crystalline sample the atoms, molecules or ions are 
bonded together and arranged in an orderly repeating pattern in a three dimensional space.  
This periodic arrangement is called a crystal lattice.   The concept of lattice vibrations can 
be understood by considering a simple one dimensional linear chain consisting of two 
atoms with mass m and M, connected by springs.   The diatomic atoms are placed 
alternately and separated by a distance a as shown in Figure 3.11.  
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Figure 3.11: A one dimensional linear chain with a diatomic lattice [55]. 
 
 
In this arrangement of atoms the displacement of an atom from its equilibrium created in 
an atom will lead to a disturbance in the neighboring atoms.  Assuming that the atom is 
influenced by its nearest neighbor and that the displacement from equilibrium position 
obeys Hookes law.  The equation for the motion of nth atom is given by [55]:   
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  where  nu , nv  are the displacements of the nth atoms M and m respectively. 
 
As the waves are traveling waves the displacements can be expressed as  
 )(exp nn kxtjAu  Eq 3.12 (a) 
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substituting  Eq 3.11 in Eq 3.10 gives:  
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Solution for these simultaneous equations gives : 
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where  is the angular frequency  of the traveling wave and k is the wave vector.  
relation between    and k and is called the dispersion relation.  Of the possible solutions 
for the above equation the positive solutions for  give the traveling wave equations.  
For small k we can approximate  
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Eq 3.15 
Eq 3.16 
 
Eq 3.17 
 
Eq 3.18 
 
A plot of  vs k within the first Brillouin zone   i.e from 
a
to
a
k   ,for a linear chain 
of atoms,is shown in Figure 3.12.  Each k represents a lattice vibration mode. 
 
 
 
Figure 3.12: Dispersion relation of   and  with respect to wave number k in the 
first Brillouin zone   of a linear chain of atoms [55]. 
 
The top branch is called the optical branch and the lower branch is the optical mode.  At k 
≈ 0  
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In the optical mode the atoms displace in opposite direction.  If the two atoms are 
oppositely charged the lattice vibrations can be activated by infrared optical radiation.  
Therefore the lattice vibrational mode is called optical vibrational mode.  The vibrations 
are of two types transverse optical (TO) and longitudinal optical (LO) as shown in Figure 
3.13 
 
 
 
Figure 3.13: (a) Transverse optical (b) Longitudinal optical lattice vibrations modes in a 
diatomic unit cell [56] 
3.3.2.5 Phonons: 
 According to the classical theory, a lattice vibrations exists for every k, however 
the quantum theory predicts that the energy of the lattice vibrations is quantized.  These 
quantized lattice vibrations are called phonons.  The allowed energies for lattice 
vibrations are given by the following equation [56]: 
      
 
)
2
1
(nhEn , where (n=0, 1, 2, 3….) Eq 3.21 
In order to observe the phonons the necessary condition for inelastic process to 
occur is the conservation of energy and momentum [57].  
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Compared to the energy of the visible or infrared radiation the energy of a phonon is less 
small this leads to i  and s  being almost equal.  The lattice parameter of a crystal is 
typically a few angstroms and the wave vector of these electromagnetic waves is 
comparable to the wave vector of the phonons only at the zone center i.e at k =0.  Thus   
phonons at the zone center only can be investigated by optical techniques such as Raman 
scattering.  
3.3.2.6 Zone center phonons of wurtzite Aluminum Nitride (AlN) 
Wurtzite AlN has four atoms per unit cell and is a uniaxial crystal  as shown in  
Figure 3.14(a). For a wurtzite structure, group theory predicts the existence eight phonon 
modes at the zone center.  The eight phonon modes are, viz.  2A1+2E1+2B1+2E2 as 
shown in Figure 3.14(b) [41].      
 
 
 
Figure 3.14: (a) Unit cell of AlN crystal [58] (b) Zone center optical phonons in a 
wurtzite crystal [41] 
 
Among these zone center phonon modes one set of A1 and E1 modes are acoustic 
modes while the remaining six i.e A1 + E1 + 2B1 + 2E2 are the optical phonon modes.  
The atomic displacements of the optical modes are shown in Figure 3.15.  The A1 and B1 
modes represent atomic displacements parallel to the c-axis, while the E1 and E2 modes 
represent atomic displacements perpendicular to the c-axis.  The A1 and E1 modes are 
both Raman and infrared active modes, while both the E2 modes are only Raman active 
and the B1 mode is neither Raman active nor infrared active [59].  Further A1 and E1 split 
into TO and LO modes due to long range electrostatic forces. 
(a) (b) 
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Figure 3.15: Optical phonons in a wurtzite crystal [60]. 
 
For a unit cell having N atoms the number of optical modes are 3N-3 [61].  A 
wurtzite structure has four atoms per unit cell which is expected to give rise to nine 
optical phonon modes.  The optical phonon modes are A1 (LO), two E1 (TO), two E2 
(low), two E2 (high), one B1 (low) and one B1 (high).  Due to the degeneracy of the E1 
(TO), E2 (low), and E2 (high) pairs only six optical phonon modes exist.  Of the two 
acoustic phonon modes two E1 (TA) modes are degenerate.   
 
The Raman selection rules for observing the optical phonons modes are listed in  
Table 3.2 as shown below : 
Table 3.2: Raman configuration of allowed modes in wurtzite crystals [41] 
 
 
The above notation is the porto notation.  For example when considering the 
backscattering geometry  zxyz ),( implies that the incident laser is travelling along z 
direction with polarization in  y direction and the detected light is travelling back in the 
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negative z direction and is being inspected for electric fields polarized in the y direction.  
Typically the c-axis of the wurtzite crystal is taken as the positive z direction.  x and y are 
any two perpendicular axis in the a-plane and normal to the c-axis. 
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Chapter 4. Properties of AlN films on SiOx 
 
4.1 Determination of crystal orientation by polarized Micro-Raman 
spectroscopy 
SiOx films of thickness 130 nm were deposited on substrates using Plasma 
Enhanced Chemical Vapor Deposition (PECVD).  The films were patterned into stripes, 
with widths of 80 µm to 110 µm, using standard photolithography and wet etching 
techniques.  AlN films 300 nm thick were subsequently grown on the patterned substrates 
by MOVPE.  The flow process for the fabrication of an AlN thin film air-bridge is shown 
in Figure 4.1. 
 
 Figure 4.1: Flow process for the fabrication of an AlN thin film air-bridge.  
 
The growth conditions for the AlN films have been reported elsewhere [62] .  In this 
study Renishaw in via Raman microscope was used to conduct micro-Raman analysis at 
room temperature.  The laser excitation wavelength was 514 nm and was focused to a 
spot having a diameter around 3 µm. To identify the Raman phonon modes 
corresponding to wurtzite crystal structure the measurements were taken in the zyxz ),(  
backscattering geometry [41].   
 
For wurtzite crystals exhibiting a c-axis orientation the Raman modes that are 
observed in the backscattering geometry zyxz ),(  are the E2 (high) and E2 (low) modes 
respectively.  The Raman spectra of AlN/SiOx bilayer on GaN and Si (111) templates are 
shown in Figure 4.2. 
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Figure 4.2: Raman spectra of as-grown AlN film on SiOx (a) GaN/Sapphire 
 (b) Si (111). 
 
The dominant peaks superimposed on the baseline in Figure 4.2 (a) and (b) correspond to 
the Raman peaks from the GaN and Si templates respectively.  As the band gap of Si is 
lower than the incident photon energy of 2.4 eV the Raman scattering intensity from Si is 
higher than that of GaN as shown in Figure 4.2.   It can also be seen from the inset 
spectra in Figure 4.2 (a) and Figure 4.2 (b) that the Raman modes of the AlN film, which 
were expected to be superimposed on the fluorescence background between 600 cm
-1
 to 
700 cm
-1 
 [63] cannot be clearly discerned.  Therefore the Raman peaks corresponding to 
AlN on SiOx could not be identified immediately after growth.  But under the same 
measurement conditions the Raman modes corresponding to c-axis oriented AlN films 
grown directly on Si (111) and GaN surfaces were clearly observed.  The apparent 
absence of the AlN Raman modes is most likely due to the lower crystal quality of the 
AlN film.  Scanning electron microscope (SEM) images shown in Figure 4.3 indicate that 
the AlN films on SiOx contain randomly oriented crystals typical of a polycrystalline film.  
The degradation in the crystal quality is expected and attributed to the amorphous nature 
of the sacrificial layer. 
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Figure 4.3: SEM images of as-grown AlN films on (a) GaN (b) Si (111) templates 
patterned with SiOx. 
 
4.2 Etch rate of AlN in AZ 400K solution and crystal quality: 
Literature has reported that the etch rate of AlN in AZ400K is dependent on the 
material properties of the AlN films.  Polycrystalline films are etched more rapidly than 
crystalline films [64].  In order to qualitatively asses the crystal quality of the AlN films 
grown on SiOx the as–grown samples were etched in undiluted AZ400K.  AZ400K is a 
known photoresist developer.  Figure 4.4 shows the SEM cross section images of the 
samples after etching in AZ400K solution for 20 min.   
 
 
 
Figure 4.4: SEM cross-section of AlN films on (a) GaN (b) Si (111) after wet etching in 
AZ 400K for 20minutes 
 
Thickness of the AlN films grown on these samples was equal to 300 nm on both the 
SiOx and the substrate.  From Figure 4.4 (a) it can be seen that, after a 20 min etching 
process in AZ400K, the thickness of  AlN on GaN has been reduced by only 60 nm while 
the AlN films on SiOx has been significantly reduced.  Observation of SEM cross-section 
images of AlN films grown on Si (111) substrates shows that the AlN films on SiOx and 
Si (111) have been significantly etched.  It is known that the “a lattice parameter’ lattice 
AlN/SiOx 
AlN/SiOx AlN/Si (111) 
AlN/GaN 
(a) (b) 
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mismatch between AlN and GaN is only 2.4 %. Therefore the growth of AlN on GaN is 
expected to yield high quality crystalline films with fewer defects.  But the in plane 
lattice mismatch between AlN on Si (111) is around 19 % and therefore the growth of  
AlN on Si (111) results in films with more defects.  Due to the above reasons the AlN 
films on GaN have a lower etch rate than the AlN films on Si (111).  Based on the etch 
rate crystal quality relation it can be concluded that due the AlN films on SiOx have a 
lower crystal quality than the AlN films grown on GaN.  Figure 4.5 shows the SEM 
surface images of the AlN films on SiOx and Si (111) after a 20 min etching.  It can be 
seen that the AlN films on Si (111) have geometrical structures and these regular 
structures on the surface can be attributed to the influence of the underlying crystalline Si 
(111) substrate.  
 
 
   
Figure 4.5: SEM surface image of AlN on SiOx and Si (111) after wet etching in 
AZ400K 
 
But the AlN film on SiOx does not appear to have any geometrical shapes and it follows 
that the AlN films take on the crystal structure of the underlying SiOx and therefore have 
a lower crystal properties when compared to AlN films grown on Si (111) and GaN 
templates. 
 
 The wet etching–crystal quality relation provides further insight into the reasons 
for the degradation in the quality of the AlN films on amorphous sacrificial layers.  The 
degradation of the AlN films was shown to produce weak Raman spectra [65].  Further 
due to the background noises originating from strong fluoresce of the underlying 
amorphous layer the observation of Raman spectra is made even more difficult, as the 
relatively weak Raman modes were lost in the background noise.  The fluorescence from 
AlN/SiOx AlN/Si (111) 
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the underlying amorphous sacrificial layer can be avoided by using long wavelength light.  
Due to the non availability of longer wavelengths on the current Raman setup alternate 
techniques had to be investigated.   
 
4.3 Identifying crystallographic orientation by Micro-FTIR techniques: 
 The material properties of AlN thin films such as the crystallographic orientation 
of have been extensively studied by Raman spectroscopic techniques [66], [67], [68] [69].  
But the study of crystallographic orientation of AlN thin films by infrared transmission 
techniques has been investigated to a lesser extent [70], [71].  Further Micro-FTIR 
techniques have been rarely applied to investigate the properties of AlN thin film 
MEMS/NEMS structures.   
  
Berreman effect:  
 
 For a polar crystal the frequency dependent refractive index is given by: 
 
 [72] 
Where  and  are the transverse optical and longitudinal optical infrared phonon 
modes.  For  the refractive index of the material are negative.  Therefore 
at these frequencies no light can propagate through the film as shown in Figure 4.6. 
 
 
Figure 4.6: Infrared transmission spectra of a polar optical crystal in the Restrahelen 
band for thick films. 
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D.W. Berreman in 1963 demonstrated that for polar films whose thickness is much less 
than the wavelength of the incident infrared light and at an oblique angle of incidence the 
transmission is significantly improved.  Under the above conditions the natural resonance 
modes i.e the TO and LO modes can be clearly observed in the transmission mode as 
shown in Figure  4.7. 
 
 
Figure 4.7 : Infrared transmission spectra of a polar optical crystal in the Restrahelen 
band for thin films. 
 
This condition is easily satisfied for films having thickness of a few hundred nanometers.   
 
However due to the uniaxial crystallography of the wurtzite structure the optical 
response depends on the crystallographic orientation of the films. Figure 3.25 shows the 
relative displacements of the Al and N atoms in the unit cell of a wurtzite AlN structure.  
In the unit cell the Al atom has a relatively positive charge with respect to the N atom due 
to the difference in the electronegativity between the Al and the N atoms.  Figure 3.25 
shows the E1 mode in which the Al and the N atom tend to displace in the direction 
opposite to each other and also perpendicular to the c-axis.  This results in a change in the 
net dipole moment in the unit cell, which is the necessary condition for a molecule to be 
infrared active.  Therefore the E1 mode is infrared active.  Based on similar analysis the 
other infrared active mode is the A1 mode.  Table 4.1 shows the observable infrared 
active phonon modes in a wurtzite crystal according to the Berreman effect 
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Table 4.1: Infrared activity of wurtzite crystals 
 [73] 
 
For investigating structures with lateral dimension as low as 100 µm infrared micro-
sampling can be used as shown in Figure.  In the micro-infrared technique, rays   from an 
unpolarized infrared source converge on the sample at an oblique angle of incidence.  
Therefore for a c-axis oriented film, infrared transmission measurements under an 
oblique angle of incidence must show the E1 (TO) and A1 (LO) modes only.       
 
 
 
Figure 4.8: (a) Micro-FTIR transmission measurement setup [Varian Inc] (b) Oblique 
angle of incidence on the infrared rays in a micro-FTIR [74] 
 
Experimental details 
SiOx films of thickness 130 nm were deposited on Si (111) substrates using 
plasma enhanced chemical vapor deposition (PECVD).  The films were patterned into 
stripes, with widths of 110 μm, using a standard photolithography and wet etching 
process.  Using MOVPE growth techniques, AlN films 300 nm thick were grown on the 
patterned substrates. The process flow for the fabrication of a nanofluidic channel is 
shown in Figure 4.9. The growth conditions for the AlN films are presented elsewhere 
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[62]. The samples were post processed by etching in buffered HF (10:1) solution for 
different etching times.  
 
 
 
Figure 4.9: Process flow for the fabrication of an AlN thin film suspended structure. 
 
Infrared transmission spectra were taken at room temperature using a Digilab UMA 600 
microscope under unpolarized conditions from 400-4000 cm
-1
 with a spectral resolution 
of about 2 cm
-1
. The dimension of the aperture was fixed at 100 µm×1000 µm for all 
conditions.  Absorption bands from bare Si (111) substrate were subtracted from the 
AlN/Si (111) spectra.  The transmission spectrum is the response of the sample over a 
 range of incident angles within the cone of illumination with a solid angle of 30°.  
Lorentz functions were fitted to the AlN absorption bands to determine the peak position 
and integrated area.  For performing nonlinear peak separation the software analysis 
package PeakFit was utilized.  During the fitting process the PeakFit program was 
allowed to automatically detect the peaks and subsequently least square minimization 
was performed to obtain the best fit.  FTIR measurements were taken at several areas and 
the weighted average of the integrated areas under each peak was calculated.  Hitachi 
S4700 field emission scanning electron microscope (FE-SEM) operated at 5.0 kV was 
used to image the surface and cross-section of the AlN bridges before and after wet 
etching.       
      
Figure. 4.10 shows the surface scanning electron microscope (SEM) image of the 
AlN films grown on Si (111) substrate patterned with SiOx stripes.  It appears that the 
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AlN film on SiOx contains tilted grains, i.e. wurtzite grains, with the c-axis at an angle to 
surface normal, typical of a polycrystalline films. From the SEM image of the cross-
section in Figure 4.10 (b) it can be seen that the growth of AlN on Si is more ordered 
when compared to the AlN film on SiOx. 
 
 
 
Figure 4.10:  SEM images of the AlN film grown on Si (111) substrate patterned with 
SiOx stripes: (a) Surface (b) Cross-section. 
 
This difference in growth can be attributed to the formation of an oxidized aluminum 
phase during the initial stages of the AlN film growth on SiOx. The favorable reaction 
between oxygen and aluminum coupled with the amorphous nature of the PECVD 
deposited SiOx film lead to such a preferential growth of tilted AlN grains on SiOx [75], 
[76].  The AlN films on the substrate and the SiOx layer were further characterized by 
micro FTIR transmission techniques.  The FTIR absorption spectrum of a c-axis oriented 
AlN on Si (111) after Si background subtraction is shown in Figure 4.11.   
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 Figure 4.11: FTIR transmission spectrum of the AlN film on Si (111) and SiOx.  
 
The spectrum is dominated by a phonon absorption peak at 667 cm
−1
, corresponding to 
the c-axis oriented AlN film on the Si (111) substrate and this can be assigned to the 
transverse optical (TO) mode E1 (TO) of the AlN film [69].  As the transmission 
spectrum of the sample is at an oblique angle of incidence, the FTIR microscope setup 
also allows the observation of the longitudinal optical (LO) mode A1 (LO) in addition to 
the E1 (TO) mode in the absorption spectrum as shown in Figure 4.11 [72]. In 
comparison, the spectrum of AlN/SiOx bilayer shows a broad band between 1000 cm
−1 
and 1100 cm
−1
 due to the asymmetric stretching mode of the oxygen atom in the Si–O–Si 
chain of amorphous SiOx [77].  The SEM images show a disordered AlN growth on SiOx. 
The disordered growth led to the degradation in the crystal quality of AlN on SiOx.  A 
distinct shoulder appears to the left of the dominant peak in the AlN film grown on SiOx. 
The appearance of the shoulder is related to the A1 (TO) mode of tilted wurtzite AlN 
grains in the AlN films on SiOx [70].  The presence of A1 (TO) modes is indicative of 
AlN grains with mixed orientation in which the c-axis is at an angle to the surface normal 
[70].  Further the onset of an absorption band around 885 cm
−1
 corresponding to the 
A1(LO) mode of wurtzite AlN [69] along with the E1 (TO) peak at 667 cm
−1
 in the 
AlN/SiOx transmission spectrum implies that the AlN films predominantly contain a 
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wurtzite phase [78].  An asymmetry and a shift also appear in the A1 (LO) mode related 
to the tilted AlN grains, providing a further indication that such grains are present [79].  
The shift in the peak positions could be due to the residual stress variation in the AlN 
film on Si (111) and AlN film on SiOx stripes. 
 
4.3.1 Investigating the effect of buffered HF on AlN Micro-FTIR  
The samples were etched in buffered HF (10:1) solution for different times and 
FTIR transmission spectra were collected from the etched samples.  Figure 4.12 shows 
the FTIR transmission spectra of AlN/SiOx after Si (111) background subtraction.  From 
Figure 4.12 it can be seen that the width of the dominant peak decreases with increasing 
etch time. 
 
 
  Figure 4.12: Variation in the FTIR transmission spectrum of AlN/SiOx  bilayer 
measured after etching the samples for different times  in buffered HF(10:1) solution. 
 
The decrease in the width is a result of a change in the material properties of the AlN film 
on SiOx when etched.  The SEM images of the AlN/SiOx surface before and after etching 
from Figure 4.13 (a) and Figure 4.13 (b) indicate that the AlN film corrodes in buffered 
HF (10:1) solution.  A review of the FTIR spectra from Figure 4.12 also shows a decrease 
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in the intensity of the SiOx peak, which ultimately disappears after 2 hours of etching in 
buffered HF (10:1) solution.  
 
 
 
 Figure 4.13:  SEM surface images of AlN film on SiOx: (a) As-grown (b) Etched in 
buffered HF (10:1) for 3 hours. 
 
The wet etching mechanism that removes the underlying SiOx and forms channels several 
hundred micrometers in length within such a short time is unclear at this point, as the 
experimentally determined etch rate of SiOx in buffered HF (10:1) solution is only about 
130 nm/min.  On further etching the samples the absorbance spectrum shows a decrease 
in the width of the spectrum on the lower wavenumber side around the dominant (AlN) 
peak.  Figure  4.14 shows the cross section of the films after 3 hours etching.  
 
 
 
 Figure 4.14: SEM cross section image of a suspended AlN structure after sacrificial 
layer etching 
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The SiOx sacrificial was removed and in the process formed suspended AlN structures.   
In order to quantify the observations, Lorentz functions were fitted to the spectra to 
obtain the peak position and the integrated area.  Figure 4.15 shows that the Lorentz 
function fitted the FTIR transmission spectra of AlN/SiOx bilayer in the region between 
500 cm
−1
 and 850 cm
−1
.   
 
 
 Figure 4.15:  FTIR transmission spectrum of as-grown AlN film on SiOx. Dashed lines 
show deconvoluted Lorentz functions. 
 
The deconvoluted spectrum reveals several peaks.  Peaks b and d correspond to the A1 
(TO) and E1 (TO) modes of wurtzite AlN films respectively.  The origin of the other 
peaks namely a, e and f could possibly be due to the formation of oxidized AlN [80], 
nonstoichiometric AlN [81] and nanocrystalline AlN [82].  Peak c could correspond to 
cubic AlN or non-stoichiometric AlN.  Similarly the FTIR transmission spectra of AlN 
on SiOx etched for 1, 2, and 3 h were quantified using Lorentz functions to obtain the 
integrated areas.  A plot of the integrated areas under A1 (TO) and E1 (TO) modes of the 
AlN film on SiOx as a function of etching time is shown in Figure 4.16.  
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 Figure 4.16: Ratio of the integrated area of the vibrational modes of etched samples 
with respect to unetched samples for AlN film on SiOx. 
 
The integrated areas under A1 (TO) and E1 (TO) were normalized with respect to the 
integrated areas of the vibrational modes A1 (TO) and E1 (TO) of as-grown AlN films on 
SiOx respectively.   
 
The A1 (TO) mode representing the tilted AlN grains showed a reduction in the 
relative integrated area after 1 h of etching.  This shows that the mixed crystallographic 
phases in the film are reduced to some extent.  No significant reduction was observed 
after 2 and 3 h of etching.  The relative integrated area under the E1 (TO) mode shows a 
reduction after a 3 hour etching.  From the etching trends it can be concluded that the 
AlN grains corroded in buffered HF when exposed for extended time leading to a change 
the material properties of the AlN air bridges.  The mixed interphases co-exist with  c-
axis oriented crystals.  After etching, the non c-axis oriented domains are mostly etched 
away.  Prior work showed that the integrated area representing the tilted AlN grains is 
proportional to the amount of  tilted grains in the film and the presence of the grains leads 
to a degradation in the piezoelectric properties [70]. As the AlN film on SiOx was shown 
to contain tilted grains prior to post processing, it is 
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possible that the as-grown AlN films on SiOx possesses inferior  piezoelectric properties 
though electrical characterization is required  to determine the piezoelectric properties. 
However, post processing the films by wet etching led to a reduction in the amount of 
tilted AlN grains which could improve the piezoelectric properties of the AlN films. 
Further work is required to study the effect of wet etching on the material properties of 
the AlN films grown on SiOx.   
4.4 Profile of SiOx sacrificial layer after etching in buffered HF 
FTIR analysis shows that AlN suspended structures with lengths of few hundred 
microns were found within 3 hours of etching.  Amorphous SiOx etches istropically in 
buffered HF (10:1) solution.  The experimentally determined etch rates of SiOx deposited 
by PECVD are between 130 - 400 nm/min depending on the deposition conditions such 
as temperature of the substrate.  Prior to etching the sacrificial layer the samples are 
cleaved to expose the sacrificial layer.  The etching of the SiOx layer is therefore 
expected to proceed laterally.  But based on the etch rate of SiOx it is highly unlikely that 
channels of a few millimeters can be fabricated in such a short time.  FTIR measurements 
have shown that the as-grown AlN films on SiOx etch in buffered HF solution.  Therefore, 
in order to determine the etching profile of the sacrificial layer for the dimension of SiOx 
under consideration hard baked photo resist was used to mask the SiOx layer.  Photo 
resist is a polymer and is known to be chemically stable in buffered HF solution.  The 
flow process is shown Figure 4.17 . 
 
 
 
 
 
 
 
 
 
Figure 4.17: Process flow for investigating the etch profile of SiOx 
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SiOx films were deposited by PECVD techniques on a silicon substrate.  The film was 
patterned into stripes with varying widths between 40 -100 µm using standard 
lithography process and wet etching.  AZ5214 photo resist was spun uniformly on the 
patterned sample yielding a photo resist thickness of 1.4 µm. The sample was then baked 
at 110°C for 30 minutes to harden the photo resist as a mask. Baking also enhances the  
adhesion of the photo resist to the sacrificial layer.  The samples were cleaved into 
several pieces and to expose the underlying SiOx layer.  The samples were etched for 
different times in buffered HF solution.  Finally the photo resist was stripped in a photo 
resist stripper to reveal the etch profile of the SiOx layer.  Shown in Figure 4.18  are some 
etch profiles for different widths and etching times.  The thickness of SiOx used for the 
experiments is around 920 nm.   
 
 
Figure 4.18: Etch profile of SiOx after removal of photo resistmask 
 
It is clear from the optical images that the etch profile is not uniform.  The profile tapers 
off with increasing etch time.  However  the etch mechanism for the AlN suspended 
structure  is  expected to be different due to the fact that the AlN films corrode in 
buffered HF solution.  The etching mechanism was investigated by using Micro-Raman 
techniques. 
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4.5 Effect of buffered HF on AlN films grown on SiOx  - Micro Raman 
The as-grown samples were cleaved to expose the sacrificial layer and were then 
etched in buffered HF (10:1) solution.  At distances of tens of microns to hundreds of 
microns from the cleaved edges the AlN film on SiOx displayed an apparent change in 
the texture when inspected under an optical microscope.  The optical images of AlN/SiOx 
bilayers on GaN and Si (111) templates after a 30 min wet etching are shown in figure 4.  
Regions of discoloration are clearly evident from Figure 4.19.  The lateral etching of the 
sacrificial layer initiated from the cleaved edges could not have caused the discoloration, 
as the measured etch rate of SiOx was only 130 nm/min.  A similar change in texture was 
observed for all the widths.  It appears that the AlN films on SiOx corroded in buffered 
HF solution.  Henceforth the AlN films on SiOx will be addressed as AlN bridges. 
 
 
  
Figure 4.19: Optical images of the AlN bridges after etching in buffered HF (10:1) 
solution for 30 min (a) Si (111) (b) GaN.   
 
  The Raman spectra collected from the discolored regions revealed peaks within 
the range 600 cm
-1
 to 700 cm
-1 
and a reduction in the background noise as shown in 
Figure 4.20.  It has been shown that the as-grown AlN films on SiOx  are in a 
predominantly wurtzite phase and that the  average quality of AlN bridges improved  as a 
result of wet etching in buffered HF solution [83].  The micro-FTIR spectra collected 
over an area containing several such discolored regions shows a gradual removal of the 
sacrificial layer as well due to the wet etching process.  The observed discoloration of the 
AlN film on SiOx is therefore due to the change in the material properties of the AlN film 
and also results from the etching of the underlying sacrificial layer. 
 
 
58 
 
 
 Figure 4.20:  Raman spectra collected from the discolored regions of AlN bridges after 
etching in buffered HF solution (10:1) showing the AlN E2 (high) peak (a) GaN (b) Si (111).   
 
 The inset spectra of Figure 4.20 show a prominent peak within the range 600 cm
-1 
to 700 
cm
-1
 indicating the presence of wurtzite AlN.  The spectra collected from the bridges on 
GaN also show the emergence of sapphire peaks after etching.  Which indicates a change 
in transmission properties of the AlN film.   
 
The samples were etched for extended time to completely remove the underlying 
sacrificial layer from across the width and length thereby forming an air-bridge.  SEM 
image of an air-bridge is shown in Figure 4.21.   
 
 
Figure 4.21: SEM cross-section image of an AlN air-bridge after sacrificial layer 
etching. 
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The optical images of AlN air-bridges are shown as inset images in Figure 4.22 (a) 
and Figure 4.22 (b).  Raman spectra were collected from across the width of the air-
bridges.  The spectra obtained at uniformly spaced points along the line scan were 
deconvoluted by fitting Lorentz functions to identify the peaks as shown in Figure 4.31(a).  
The deconvoluted spectra show a major peak between 654 cm
-1
 and 656 cm
-1 
along with a 
relatively weak peak at 669 cm
-1 
corresponding to E2 (high) and E1 (TO) mode of 
wurtzite AlN crystals respectively.   
 
 
 
Figure 4.22:  AlN air-bridge 80 µm wide on GaN (a) Raman spectra after peak 
separation (b) Direction of line scan indicated by red arrow from left to right (c) peak position 
of  E2 (high) mode along the line scan. 
  
It is has been experimentally shown that the Raman spectra of AlN crystals, obtained 
under polarized conditions, consisting of a relatively weak E1 (TO) mode and a dominant 
E2 (high) mode have the c-axis oriented preferentially along the axis perpendicular to the 
surface [84].  Based on the observations from the deconvoluted Raman spectra in Figure 
4.22(a), it can be concluded that the AlN air-bridges are preferentially c-axis oriented.  
Also the quasi modes corresponding to misoriented AlN domains were not detected in the 
Raman spectra of the air-bridges during the peak fit process.  The E2 (low) mode of the 
AlN films grown on GaN and Si (111) templates could not be observed due to thickness 
limitations effects and, naturally was not detected in the Raman spectra of the AlN air-
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bridges.  The E2 (high) peak position for bulk AlN was reported to be around 655 cm
-1
  
[84] and the stress free peak position can vary due to the presence of impurities such as 
oxygen [85], [86].  Based on the peak positions across the width shown in Figure 4.22(c) 
it can be concluded that the AlN air-bridges after the removal of the sacrificial layer 
possess a low residual stress due to stress relaxation.  AlN air-bridges of widths 90 µm, 
100 µm and 110 µm fabricated and characterized using similar techniques also exhibited 
a preferentially c-axis orientation and low residual stress characteristics. 
 
Similarly Raman spectra were collected from AlN air-bridges fabricated on Si 
(111) substrates.  As shown in Figure 4.23(b) the deconvoluted spectrum revealed a 
dominant E2 (high) peak and a very weak peak at 669 cm
-1 
thereby implying that the 
films were also preferentially c-axis oriented.  Contributions from the silicon substrate to 
the intensity of the AlN E1 (TO) mode cannot be ruled out as the Raman modes obtained 
from a bare Silicon substrate were found to exist around 670 cm
-1
.  Raman modes from Si 
substrate also occur between 600 cm
-1
 and 620 cm
-1
.  Also the peak positions shown in 
Figure 4.23 (c) indicate that the AlN air-bridges after the removal of the sacrificial layer 
possess a low residual stress.  AlN air-bridges having widths 90 µm, 100 µm, and 110 
µm were found to exhibit similar characteristics such as preferential c-axis orientation 
and stress relaxation.   
 
 
 
Figure 4.23: AlN air-bridge 80 µm wide on Si (111) (a) Raman spectra after peak 
separation (b) Direction of line scan indicated by red arrow from left to right (c) peak position 
of E2 (high) mode along the line scan. 
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 Typically the full width at half maximum (FWHM) value of the E2 (high) mode is 
an indication of the crystal quality of the films [86].   The lowest FWHM reported for 
bulk AlN is 3 cm
-1
 [87] and for amorphous AlN 50 cm
-1
 [88].  A comparison of the 
average FWHM values obtained from AlN air-bridges grown on different substrates, for 
the purposes of this work, is shown in Table 4.2.  These intermediate values indicate that 
the AlN films still contain non negligible crystal defect concentrations. 
 
Table 4.2:  FWHM values of E2 (high) peaks of AlN air-bridges. 
               Sample  FWHM of AlN E2(high) cm
-1
 
AlN air-bridge on GaN  12.20 
AlN air-bridge on Si(111) 9.86 
 
However, a variation exists in the FWHM values of the AlN air-bridges fabricated 
on GaN/Sapphire and Si (111) templates even though the growth conditions were similar.  
The FWHM of AlN air-bridges on GaN is higher when compared to the AlN air-bridges 
fabricated on Si (111).  The difference in the FWHM could be due to the variation in the 
crystal quality of the as-grown AlN films on SiOx.  The SEM surface images of AlN/SiOx 
shown in Figure 4.15 clearly indicate a difference in the surface texture of the AlN films 
on SiOx grown on  GaN and Si templates, pointing to crystal quality variation.  This 
implies a substrate induced effect on the crystal quality despite the sacrificial layer being 
amorphous.  However, due to the limitations of the micro-Raman instrument setup used 
for the experiments this effect could not be quantified for the as-grown samples.  Another 
factor contributing to the observed difference in the FWHM values could be due the wet 
etching process that changed the material properties of the AlN air-bridges.            
 
An important question arises as to why the AlN air-bridges are preferentially c-
axis oriented despite the amorphous structure of the underlying sacrificial layer.  These 
results can be explained through the texture development of polycrystalline films on 
amorphous surfaces [89] as shown in Figure 4.24.   
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Figure 4.24: Texture growth model for thin films on amorphous substrates [89] 
 
The growth process starts with formation of randomly oriented crystallites which 
are free to grow.  In the later stages adjacent crystallites meet and form intercrystalline 
impingement boundaries.  In the subsequent steps because the growth rate depends on the 
crystalline directions, it appears that c-axis grows preferentially over other 
crystallographic orientations.  Therefore, on an average the c-axis oriented crystallites 
dominate the non c-axis oriented domains.  During the wet etching process the observed 
discoloration of the AlN air-bridges could be due to the removal of mixed interphases co-
existing with preferentially c-axis oriented crystals.  After etching, the non c-axis oriented 
domains are mostly etched away and the Raman spectra resemble those of wurtzite AlN 
originating from the remaining crystallites in the film.  This process could lead to the 
appearance of Raman peaks corresponding to wurtzite AlN. 
4.5.1 Hydrolysis of AlN in aqueous solutions: 
It is known that AlN undergoes hydrolysis in water base solutions [90] .   
 32 NHAlOOHOHAlN  Eq  4.1 
Prolonged exposure to humid conditions results in the formation of aluminum hydroxide 
 
 32
)(OHAlOHAlOOH  Eq  4.2 
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Aluminum hydroxide is amphoteric in nature.  An amphoteric substance reacts with both 
acids and bases.  In the presence of a base the substance acts as an acid and in the 
presence of an acid the substance acts as a base [91].       
 
Polycrystalline AlN films undergo significant hydrolysis due to the presence of 
grain boundaries.  Depending on the crystal structure the hydrolysis can extend to a 
significant depth from the surface as shown in Figure 4.25.  As the AlN films on SiOx 
exhibit polycrystalline growth the films are expected to undergo significant hydrolysis.    
 
 
Figure 4.25: Schematic diagram of oxidation state of aluminum nitride thin film [92]   
 
AlN were etched in buffered HF (10:1) solution, which is an aqueous solution.  In the 
presence of water the films undergo hydrolysis forming aluminum hydroxide.  But 
buffered HF is an acidic solution and aluminum hydroxide acts as base in its presence.  
The reaction between an acid and base results in the formation of salt as a by product, 
which dissolves in water.  The reaction proceeds progressively dissolving AlN in the 
process and changing the material properties.  The observed discoloration of the AlN 
films is a result of a change in the material properties of the AlN films.  The etching 
process appears to create alternate path ways from the AlN surface, which reach out to 
the underlying SiOx layer.  This process aids in the etching of the SiOx layer thereby 
creating suspended AlN structures in a short time.  Shown in Figure 4.26 are the optical 
images of AlN air-bridges fabricated on Si (111) and GaN/sapphire templates.  After wet 
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etching the AlN air-bridges exhibit severe cracking as show in Figure 4.26.  But the air-
bridges fabricated on GaN apparently do not exhibit cracks but display a creep pattern. 
 
 
 
Figure 4.26: Optical images of full eteched AlN air bridges on Si (111) and 
GaN/Sapphire template 
 
4.6 Residual stress in AlN air-bridges due to thermal mismatch:  
Residual stress in a thin film is primarily composed of intrinsic stress and 
extrinsic stresses.  Intrinsic stresses develop during the thin film growth while extrinsic 
stresses are imposed on the thin film by external factors such as temperature.  Common 
forms of extrinsic stresses include thermal stress.  Thermal stress originates due to the 
difference in the coefficient of thermal expansion between the thin film and substrate.  
Intrinsic stresses include stress due to misfit dislocations, inclusion of impurities, 
difference in lattice mismatch between the thin film and substrate as shown in Figure 
4.27. 
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Figure 4.27: Examples of intrinsic and extrinsic stress in thin films [93] 
           
For the SiOx films deposited on Si substrate thermal stress is expected to dominate the 
residual stress in the SiOx films, due the non crystalline nature of SiOx.  Thermal stress 
arises because the deposition temperature of thin films is usually above room temperature 
in a CVD processes.  As the sample cools down to the room temperature from the 
deposition temperature, the film experiences a residual compressive or tensile stress, due 
to the difference in the thermal expansion coefficient of the film and the substrate.  
 
 
 
 
 Considering a film which is thin compared to the thickness of the substrate, as an 
approximation the thin film is expected to contract by the same amount as the substrate.  
A thin film attached rigidly to a substrate experiences an in-plane stress.   Stresses normal 
to the film surface are equal to zero.  If the in-plane stress components are equal then the 
in-plane stress is called biaxial stress.  Assuming the linear thermal expansion coefficient 
of the film and substrate does not vary with temperature, the average in-plane thermal 
mismatch strain in the film is given by [94]: 
 
 
Tsfmismatchf ,  Eq  4.3 
Where , T is the difference between the temperature of deposition of the film Tdep and 
room temperature Tr 
 
αf : Thermal expansion coefficient of the film 
αs : Thermal expansion coefficient of the substrate 
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The biaxial stress in the thin film is given by : 
 
 
mismatchf
f
mismtachf
E
,,
1
 Eq  4.4 
E- Young‟s modulus of the film 
- Poisson‟s ratio of the thin film 
If the thermal expansion coefficient of the film is smaller than that of the substrate the 
film is in compressive stress.  If the thermal expansion coefficient of the film is more 
than the substrate the film after cooling down to the room temperature is in tensile stress 
as shown in Figure 4.28.  
 
 
 
Figure 4.28: Residual stress in thin film due to mismatch of the coefficient of thermal 
expansion between the film and the substrate 
 
 
Table 4.3  lists the mean coefficient thermal expansion values of the materials that were 
used to fabricate the AlN air-bridges. 
 
 
 
 
 
67 
 
Table 4.3: Mean thermal expansion coefficients of materials used to fabricate AlN air- 
bridges 
Material Thermal expansion coefficient 
 (in-plane) × 10
-6 
°C 
Silicon 3.57 [95] 
Sapphire 7.28 [95] 
Silicon oxide 0.5 
GaN 4.997 [96] 
AlN 5.27 [95] 
 
 
Table 4.4 lists the residual stress due to thermal mismatch in thin films deposited on 
GaN/sapphire and silicon substrates based on the values given in Table 4.2. 
 
Table 4.4: Residual stress in SiOx on various substrates at room temperature 
 
Multilayers Residual stress in SiOx due 
to thermal mismatch 
SiOx (130 nm)/Si (350 µm) Compressive 
SiOx (130 nm)/Sapphire (450 µm) Compressive 
GaN (2 µm)/Sapphire (450 µm) Compressive 
SiOx (130 nm)/GaN (2 µm)/Sapphire (450 µm) Compressive 
 
 
The thermal expansion coefficient of SiOx is lower than the thermal expansion coefficient 
of Si and sapphire.  This leads to a negative value in the biaxial stress in SiOx, therefore 
the film is under compressive stress on both Si and sapphire substrates.  The GaN films 
grown on the sapphire substrate had an intermediate low quality AlN buffer layer of 30 
nm thickness.  Due to the non-crystalline AlN buffer layer there is no residual stress due 
to lattice mismatch between GaN and sapphire.  Further, the low crystal quality of the 
buffer layer ensures that there no residual stress due to lattice mismatch between AlN and 
GaN.  The residual stress in the GaN film when cooled down to the room temperature 
from the growth temperature is therefore compressive. 
 
 The thicknesses of the substrates considered in this work are much higher than the 
thin films thicknesses.  Therefore in a two and three layer heterostructure consisting of 
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AlN (300 nm)/SiOx (130 nm)/Si (350 µm) and AlN (300 nm)/SiOx (130 nm)/GaN (2 
µm)/Sapphire (450 µm) respectively the individual layers are expected to contract by the 
same amount as the substrate.   Due to the amorphous nature of SiOx no residual stress 
due to lattice mismatch exists between AlN and SiOx. 
4.6.1 Residual stress in AlN/SiOx/Si 
Table 4.3 shows that the thermal expansion coefficient of AlN is higher than  
that of Si.  Due this difference in the thermal expansion coefficients the AlN films on 
SiOx are expected to have a tensile residual stress at room temperature.  Figure 4.29 
shows the E1 (TO) peak position of AlN as a function of etching time.  The position of 
the E1 (TO) mode indicates the type of residual stress present in AlN, with a stress free 
value for AlN at 670 cm
-1
 [97].  Figure 4.29 shows that the E1 (TO) peak position for the 
as-grown AlN film on SiOx is at 667 cm
-1
.  This value indicates that the AlN films 
possess tensile residual stress as predicted 4.6.  When the sacrificial layer is etched ,with 
an increase in the etching time Figure 4.29 shows that the E1 (TO) peak moves towards 
the stress free reaching at value 669.8 cm
-1
 at 3 hours.  However the AlN air-bridges 
appear fractured after etching for 3 hours as shown in Figure 4.26.  The fracture of the 
AlN air-bridges occurs when the tensile stress exceeds the fracture limit of the thin film.   
 
 
 
Figure 4.29: Peak position of the E1 (TO) mode of AlN films on SiOx as a function of 
etching time 
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4.6.2 Residual stress in AlN/SiOx/GaN/Sapphire 
Table 4.2 shows that the thermal expansion coefficient of AlN is lower than  
that of the sapphire substrate.  Due this difference in the thermal expansion coefficients 
the AlN films on SiOx are expected to have a compressive residual stress at room 
temperature.  Infrared transmission measurements could not be extracted for the AlN 
(300 nm)/SiOx (130 nm)/GaN (2 µm)/Sapphire (450 µm) heterostructure.  This is because 
of the high reflectivity of the sapphire substrate in the mid–infrared region which 
prevents the infrared wavelengths from reaching the AlN film on SiOx.  In addition the 
information regarding AlN films on SiOx could not be obtained in the reflection mode as 
well, this is due to the overlap of the infrared active phonon modes from the underlying 
GaN and sapphire layers with the infrared active phonon modes from the AlN films.  The 
overlap of the modes makes it difficult to identify the infrared modes corresponding to 
the AlN films.   
  
 The optical images of the AlN air-bridges fabricated on the GaN/Sapphire 
substrate show a telephone chord pattern during the removal of the sacrificial layer.   This 
pattern can be related to thin films which are under high compressive stress.  These type 
of films delaminate from the surface in a periodic pattern and relieving in the residual 
stress in the process as shown in Figure 4.30.  Based on the telephone chord pattern 
observed through the optical microscope it can be concluded that the as-grown AlN films 
SiOx (130 nm)/GaN (2 µm)/Sapphire (450 µm) are in a compressive stress at room 
temperature.  Table 4.5 summarizes the residual stress of AlN films for the structures 
considered in section 4.6.1 and 4.6.2. 
 
 
 
Figure 4.30: Phone chord buckling delamination pattern [98]  
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Table 4.5: Residual stress in AlN films on SiOx at room temperature  
Multilayers Residual stress in AlN 
due to thermal mismatch 
AlN (300nm)/SiOx (130 nm)/Si (350 µm) Tensile 
AlN (300 nm)/SiOx (130 nm)/GaN (2 µm)/Sapphire 
(450 µm) 
Compressive 
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Chapter 5. Piezoelectric characterization of AlN films on SiOx  
 
5.1 Converse piezoelectric properties of AlN films on SiOx: 
 
The piezoelectric constitutive equations in section 2.2.2 for a wurtzite crystal,   describing 
the electromechanical coupling effect are shown below: 
 
 [99] 
             
Considering the converse piezoelectric effect, the piezoelectric coefficients that are active 
are the d33, d31 and d15 components.  In the converse piezoelectric effect the strain „S‟ 
generated in a piezoelectric material, in the absence of an external mechanical stress, 
depends on the direction along which the electric field is applied.  In a wurtzite crystal 
the external electric field is typically applied either parallel to or perpendicular to the c-
axis.  When an electric field is applied along the c-axis it is called the longitudinal field 
excitation and when an electric field is applied perpendicular to the c-axis it is called the 
lateral field excitation.  
5.1.1 Measurement of longitudinal piezoelectric coefficient of AlN films by laser 
Doppler vibrometer: 
When an external electric field is applied along the c-axis i.e E3, in the absence of 
any external stress a strain is generated in the crystal purely due to the electric field.  
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Shown in Figure 5.1 is the schematic of a wurtzite crystal with an electric field applied 
along the c-axis along with the modified constitutive equations: 
 
 
 
Figure 5.1: (a) Schematic of wurtzite crystal with electric field applied along the c-axis 
(b) Modified constitutive equations  [100] 
 
The equations describe that the electric field „E3‟ couples only with the d33 and d31 
components thereby generating a strain along the c-axis and in the basal plane 
respectively.  The AlN films on Si (111) substrate, grown by the MOVPE techniques are 
preferentially oriented along the c-axis.  When an external electric field is applied across 
the film it results in a strain along the c-axis.  The strain along the c-axis leads to a 
change in the thickness of the film.  Typical values of d33 for AlN films are between 3.9 
pm/V – 7 pm/V [1].  The change in the thickness of the film is usually in picometers for a 
voltage with an amplitude of tens of volts.  This change in thickness value can be 
detected by a laser Doppler vibrometer.   
 
In the laser Doppler vibrometry set up a laser beam is focused onto a vibrating 
sample.  The vibrating sample induces a Doppler shift in the frequency of the incident 
laser beam.  Based on the frequency shift of the reflected beam, the amplitude of the 
vibration and frequency of vibration of the sample can be extracted.  Figure 5.2 shows the 
schematic of the setup for measuring the thickness change of a piezoelectric film grown 
on a conductive substrate. 
(a) 
(b) 
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Figure 5.2: Measurement of the thickness change of a piezoelectric film by laser 
Doppler vibrometer 
 
On applying an AC field across the thickness of the film the strain in the film changes 
periodically. The thickness of the film also changes periodically in response to periodic 
variation of the strain.  The piezoelectric film is set into oscillations by applying an AC 
electric field across the thickness the substrate and the top electrode.  The piezoelectric 
coefficient d33 is given by: 
                                                  
 
 
 
ac
33
V
 vibrationof  Amplitude
d  
Eq 5.1 
  
 
Where Vac –Amplitude of the AC voltage 
When the thickness of the film changes in response to the external electric field, the top 
electrode also moves by an equal distance in the vertical direction and Doppler shifts the 
incident laser beam.  The d33 measurements were taken on a square platinum top 
electrode with an area of 100 µm × 100 µm.  The measurements were taken on the AlN 
films grown on silicon substrate i,e in between the SiOx  stripes as shown in Figure 5.3.  
A platinum film of thickness 100 nm was sputtered on the bottom of the silicon substrate,  
which serves as the bottom electrode.  An AC voltage was applied across the top and the 
bottom electrode 
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Figure 5.3: (a) Piezoelectric measurement of the AlN films between SiOx stripes with 
platinum back and top contacts (b) Apparent piezoelectric coefficient of AlN films grown on 
silicon substrate. 
 
 Figure 5.3 (b) shows the measured amplitude of vibration or maximum displacement of 
the top electrode.  The amplitude of vibration of the top electrode increases linearly with 
an increase in the amplitude of the AC voltage.  The constitutive equations predict that 
the change in the thickness of the piezoelectric film increases linearly with an increase in 
the amplitude of the electric field.  Therefore the top electrode maximum displacement 
also increases with increasing amplitude of the AC voltage.  The d33 value can be 
estimated from the slope of the displacement vs voltage plot.   
 
The apparent d33 values for AlN films of different thicknesses as calculated from 
the slope of the plots in Figure 5.3 (b) are shown in Table 5.1 
     
                  Table 5.1: Apparent d33 value of the AlN film grown on silicon substrate 
 
 Slope (m/V) 
AlN ( 700 nm) 0.574*10
-12
 
AlN (500 nm) 0.58*10
-12
 
(a) 
(b) 
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Table 5.1 shows that the apparent d33 values are much lower than the theoretical value of 
3.98 pm/V.  The AlN film is clamped in-plane to the silicon substrate due to this 
expansion and contraction of the film is constrained.  It has been determined that the for 
an in-plane clamped film the measured piezoelectric coefficient reduced and is given by: 
 
 
 
 
ff
f
f
cc
cd
dd
1211
1331
3333
2
 [101] Eq 5.2 
Where, d33 and d31 are the piezoelectric coefficients of the free standing film.  The second 
term   leads to a reduced d33 measured value. And  are the elastic compliances 
of the film. 
 
However the electric field „E3‟ field also contributes to the expansion of the basal 
plane by coupling through the d31 piezoelectric coefficient.  As the AlN film is laterally 
clamped to the silicon substrate, the thin film and substrate together behave as a 
piezoelectric bimorph.  Therefore the substrate bends as the AlN film expands in the 
basal plane as shown in Figure 5.4.  The bending deflection is approximately given by 
[101] : 
 
  
 
 
2
31
4
3
H
LEhd
b  Eq 5.3 
 
Figure 5.4: Typical thin film substrate configuration showing the influence of substrate 
on d33 measurement [102].  
 
Where L: Length of the electrode 
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           H: Thickness of the substrate 
           h: Thickness of the piezoelectric film 
           E: Youngs modulus of the substrate 
 
The bending of the substrate was minimized by attaching the silicon substrate to an 
aluminum metal block and choosing an electrode with a smaller length.  However, the 
total displacement of the top electrode consists of contributions from thickness change of 
the film and deflection due to the substrate bending effect.  Therefore the observed 
displacement does not give a true measure of the d33 piezoelectric coefficient. 
 
 
 ss
s
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13
22
 [101] Eq 5.4 
 
Where, the last term on the right represents the positive contribution from the substrate.  
Taking into account the above factors it can be concluded that the measurement of the 
longitudinal piezoelectric strain coefficient by laser Doppler vibrometer gives only the 
apparent value.   But this technique can be used as check to investigate the piezoelectric 
properties of thin films.  
5.1.2 Measurement of longitudinal piezoelectric coefficient of AlN films by laser 
Doppler vibrometer: 
For the case of an external electric field applied perpendicular to the c-axis the 
constitutive equations reduce to the following form as shown in Figure 5.5.  The reduced 
constitutive equations show that the external electric field couples only to the d15 
coefficient generating a shear strain.   
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Figure 5.5: (a) Schematic of wurtzite crystal with electric field applied normal to the c-
axis (b) Modified constitutive equations [100].   
 
   The shear strain consists of two components as shown in Figure 5.6.         
 
 
 
Figure 5.6: Components in a shear strain [102]  
 
 
 
 Eq 5.5  
 
 
The shear components 
x
u1
2
1
 and 
z
u3
2
1
 basically describe the deformation along 
the x and z directions.  In case of a piezoelectric film depending on the dimensions of the   
film and the electrode configuration one of the two shear strains dominates as shown in 
Figure 5.7.  The shaded areas are the electrodes and the c-axis is indicated by an arrow 
and labeled  as P. 
 
z
u
x
u
xz
31
2
1
(a) (b) 
(a) 
78 
 
 
 
Figure 5.7:  (a) Thickness shear strain (c) Length shear strain [103]  
 
Accordingly the shear strain components are now classified as thickness shear strain and 
the length shear strain.  When the spacing between the electrodes is less than the 
thickness of the film i.e t < l as shown in Figure 5.7 (a) the term 
x
u1  dominates the strain 
equation and the deformation of the film is primarily along the polarization axis or the c-
axis.  When the spacing between the electrodes is greater than the thickness of the 
piezoelectric film i.e t>l the term  
z
u3  dominates the shear strain equation and the 
deformation is primarily along the axis perpendicular to the c- axis.        
 
 In a bulk piezoelectric crystal electrodes can be placed parallel to the c-axis as 
shown in Figure 5.7.  This electrode configuration gives rise to an external electric field 
perpendicular to the c-axis.  But in thin films due to their finite thickness the preferred 
method to generate an electric field perpendicular to the c-axis is to deposit a pair of 
electrodes on the surface of the film.  This method of generating a shear strain is called 
the lateral field excitation.  As shown in Figure 5.8, when the spacing between two 
electrodes increases the electric field  in the piezoelectric film in-between the electrodes 
is essentially perpendicular to the c-axis . 
   
(a) (b) 
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Figure 5.8: Electric field generated in a piezoelectric film with electrode gaps (a) 1 µm 
(b) 10 µm. Modified from [104]. 
 
 
Shear strain in AlN films grown on silicon 
 
In order to excite shear strain in the AlN film a pair of platinum electrodes separated 
by a gap of 70 µm were deposited on the AlN films grown on silicon substrate as shown 
in Figure 5.9.  The AlN films on crystalline silicon substrate exhibit a preferentially c-
axis orientation.  In a c-axis oriented AlN thin film the polarization axis is perpendicular 
to the surface of the film.  Given the gap of 70 µm between the electrodes the pair of 
electrodes the electric field in the film is expected to be perpendicular to the c-axis in 
between the electrodes.   
 
 
 
 
Figure 5.9: Activation of thickness shear strain in AlN films through lateral field 
excitation  
Laser beam 
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Under these conditions shear strains can be excited in the AlN films.  As the spacing 
between the electrodes is much larger than the thickness of the AlN film, the length shear 
strain mode is expected to dominate.  On applying an AC electric field across the 
platinum electrodes, periodic thickness shear and length shear modes are generated 
between the electrodes.  The periodic displacement normal to the surface of the film was   
probed by laser Doppler vibrometry, by reflecting the laser of a metal contact deposited 
between the electrodes as shown in Figure 5.9.   
 
AC voltages with different frequencies and amplitudes were applied across the 
platinum electrodes through a function generator.  The plots in Figure 5.10 show an 
increase in the displacement of the top electrode with an increase in the applied electric 
field as predicted by the constitutive equations.  However, as the thin film is clamped in-
plane to the silicon substrate the displacement detected by the vibrometer does not give 
the true shear strain.   
 
 
Figure 5.10: Piezoelectric response of AlN films actuated by lateral field excitation 
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  Figure 5.11 shows that the maximum displacement of the top electrode increases 
with an increase in the amplitude of the AC voltage. 
 
 
 
Figure 5.11: Displacement of top electrode for a laterally actuated AlN films grown on 
silicon.  
 
 Table 5.2 shows the slope extracted by linear fitting.  A comparison of the slope 
values for laterally actuated and longitudinally actuated in-plane clamped AlN films 
shows that the displacement obtained by lateral field excitation is higher when compared 
to that of a longitudinally actuated film.  Based on the above analysis it can be concluded 
that similar to the longitudinal field excitation techniques lateral field excitation can also 
be used identify piezoelectric films. 
 
Table 5.2: Slope of displacement of top electrode actuated by lateral field techniques 
 Slope (m/V) 
AlN (700 nm) 2.91084*10
-12
 
AlN (500 nm) 2.56952*10
-12
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5.1.3 Piezoelectric response of AlN films on SiOx measured by laser Doppler 
vibrometer: 
In order to test the piezoelectric response of the AlN films on SiOx the films were 
actuated in the longitudinal and lateral field excitation modes as shown in Figure 5.12 
 
 
 
 
 
Figure 5.12: (a) Longitudinal field actuation (b) Lateral field actuation of AlN/SiOx 
with a platinum back and top electrode. 
 
In the longitudinal field excitation mode the applied external electric field is distributed 
across the layers between the top and bottom platinum electrodes.  Pt back electrode 
forms an ohmic contact with the highly doped p-Si.  Due to the high conductivity of the 
silicon substrate much of the voltage is distributed across the AlN/SiOx bilayer.  Ignoring 
the fringe field effects the voltage distribution across the AlN/SiOx is given by: 
 
 
(a) 
(b) 
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Where   : Voltage across the AlN film on SiOx 
             : Voltage across the SiOx film 
               : Thickness of the AlN film 
              : Thickness of the SiOx film 
 
 
 
 Eq 5.6  
 
Eq 5.6 shows that the as the thickness of AlN film on SiOx increases the voltage drop 
across the AlN film increases.  As a result, with an increase in the thickness of the AlN 
film the displacement of the top electrode should increase for a constant electric field.  
But the longitudinal excitation of AlN films with thicknesses of 300 nm, 500 nm and 700 
nm did not yield any measureable displacements during the vibrometer measurements.  
Prior work  [83] and the discussion in section 4.5 shows that the AlN films exhibit a 
preferentially c-axis orientation but have a lower crystal quality.   
 
The piezoelectric response of the as-grown AlN films on SiOx was tested by the 
lateral field excitation techniques.  In order to excite shear strain in the film a pair of 
platinum electrodes separated by a gap of 70 µm were deposited on the AlN films grown 
on SiOx as shown in Figure 5.13 (b).  The AlN films on SiOx were actuated by applying 
an AC electric field across the platinum electrodes.  The laser Doppler vibrometer 
measurements show a displacement at the driving frequency of the applied voltage.  This 
shows that the AlN films on SiOx exhibit piezoelectric properties.   Figure 5.13 shows a 
comparison of plot of the top electrode displacement versus applied AC voltage for AlN 
films grown on silicon substrate and SiOx.       
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Figure 5.13: Comparison of piezoelectric response of AlN films grown on Silicon 
substrate and SiOx sacrificial layer  
 
Figure 5.13 shows that the displacement of the AlN films grown on SiOx, obtained by 
lateral field excitation techniques, have a significantly lower displacement values when 
compared to the AlN films grown on silicon substrate.  Figure 5.14 also shows that the 
displacements of AlN films on SiOx excited by lateral field are lower than the 
displacements of the AlN films on silicon excited by longitudinal excitation.  This 
behavior can be attributed to the lower crystal quality of the AlN films on SiOx.  FTIR 
measurements show the AlN film structure consists of non c-axis oriented grains which 
indicates the presence grains of opposite polarity.  Grains of opposite polarity are 
responsible for the reduced net piezoelectric response observed in AlN films on SiOx 
[105], [106].    
5.1.4 Piezoelectric actuation of AlN air-bridges  
For actuating AlN air-bridges two methods were adopted as shown in Figure 5.14.  
Figure 5.14(a) shows the piezoelectric actuation of the AlN air-bridge by applying 
electric field across the air-gap and the AlN film.  The voltage distribution follows Eq 5.6 
with the thickness of SiOx replaced by air-gap with a dielectric constant equal to 1.  This 
configuration results in the actuation of the air-bridge though a combination of 
piezoelectric action from the AlN film and electrostatic actuation due to the air-gap.  The 
movement of the air-bridge results in a pumping action.         
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Figure 5.14: (a) Longitudinal field actuation (b) Lateral field actuation of AlN air-
bridge with a platinum back and top electrode. 
 
Alternately the air-bridge can be actuated purely by piezoelectric means as shown in 
Figure 5.14 (b).  This technique utilizes the lateral field actuation of AlN air-bridges.  
Shear strain can be generated in the AlN air-bridges by using a pair of electrodes on the 
air-bridges.  The shear strain generated due to lateral field excitation can be applied to 
actuate a section of the piezoelectric film to as shown in Figure 5.15   
 
 
 
 
 
Figure 5.15: Shear mode actuated piezoelectric membrane [107] 
 
This shear deformation leads to a pumping mechanism.  The pumping mechanism can be 
used to move fluids through the channels as shown in Figure 5.15. 
(b) 
(a) 
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5.1.5 Fabrication of AlN air-bridges with electrodes 
 
AlN films on SiOx of thicknesses 300 nm, 500 nm and 700 nm were etched in 
buffered HF solution.  The thickness of SiOx was around 130 nm.  The as-grown samples 
with electrodes were etched in buffered HF solution to fabricate the AlN air-bridges.  
Due to the isotropic nature of the wet etching process and the corrosive nature of the AlN 
film on SiOx, the sacrificial layer under the AlN film covered by the electrodes is 
expected to be etched as well.  Shown in Figure 5.16 is the optical image of the AlN air-
bridge after etching in buffered HF solution.  The image shows a delamination of the top 
electrode.  Discussion in section 4.5 shows that the sacrificial layer etching mechanism is 
enhanced as the material properties of the AlN film changes with wet etching.  The 
etching mechanism attacks the interface between the electrode and the AlN film.  In this 
process the electrodes are released from the surface of the AlN films.  Delamination of 
the electrodes was observed for AlN films of thicknesses 300 nm, 500 nm and 700 nm. 
 
 
 
                      
 
Figure 5.16:   Optical images of AlN films (a) 500 nm (b) 700 nm grown on SiOx after 
etching for 6.5 hours 
 
However after the removal of the sacrificial layer, the AlN film of thickness 300 nm 
exhibited excessive fractures due to a very high tensile stress.  The high tensile stress also 
resulted in the delaminationt of the air-bridges fro the substrate making it difficult to 
fabricate air-bridges. 
(a) (b) 
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 AlN air-bridges of thicknesses 500 nm and 700 nm exhibited fractures on the 
surface as shown in Figure 5.16 (a) and (b) respectively.  But the air-bridges were not 
delaminated from the substrate.  This shows that thicker AlN films have a lower residual 
stress than the AlN films of thickness 300 nm.    
 
The variation in the color of the AlN films is due to the interference pattern 
generated due to the existence of an air-gap between the AlN film and the substrate.  The 
non uniform etching observed in the optical images as discussed in section 4.5 shows that 
the quality of the AlN films on SiOx is not homogeneous and this results in a non uniform 
etching pattern on the surface of the AlN films.  Figure 5.17 shows the displacement of 
the delaminated area of the top electrode of the AlN air-bridges of 500 nm thick actuated 
through longitudinal excitation.  The displacement of the top electrode was measured on 
the delaminated area. 
 
 
 
Figure 5.17: Displacement of the AlN air-bridges observed of delaminated contacts 
after actuated by longitudinal field excitation.   
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The measured maximum displacement varies with the bias voltage.  This indicates that 
the actuation mechanism is a combination of both the electrostatic and piezoelectric 
actuation.  However, the contribution of the delaminated section of the electrode to the 
measured displacement is unclear at this point. 
 
Platinum contacts were re-sputtered on the etched air-bridges.  However due to the 
increased surface roughness of the AlN films with thickness 700 nm after the wet etching 
process, the platinum contacts did not have adhesion to the surface of the air-bridges.  
Platinum electrodes could only be sputtered on AlN air-bridges with thickness of 500 nm.   
Figure 5.18 shows the optical images of the bridges after sputtering platinum electrode.  
The thickness of the platinum electrodes sputtered for as-grown AlN films and AlN air-
bridges was around 100 nm.   
 
 
 
 
 
Figure 5.18: Optical images of the AlN air-bridge after re-sputtering platinum contacts 
on the bridges 
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Figure 5.19: Displacement of the AlN air-bridge in the (a) lateral field actuation (b) 
Longitudinal field actuation configuration. 
 
The optical images show visible cracks even after re-sputtering 100 nm platinum.  
Figure 5.19 shows the displacement of the re-sputtered electrode as function of the 
applied AC voltage in the lateral field and longitudinal field actuation configuration.  The 
top electrode shows significant displacements upto 1 nm.  The increase in the 
displacement is due to etching of the sacrificial layer which removes the in-plane 
clamping, thereby allowing free movement of the AlN film.  But the presence of the 
cracks complicates the understanding of the piezoelectric properties of the AlN air-
bridges.  Figure 5.20 shows the slope obtained from the plot in Figure 5.19.  A higher 
slope is an indication of an increase in the displacement with an increase in the amplitude 
of the voltage.  While the slope obtained from lateral field excitation is essentially 
constant for different frequencies the slopes obtained from the longitudinal actuation 
shows a gradual increase and decrease with an increase in the frequency.  This shows that 
the longitudinal excitation generates a resonance effect. The resonance effect is a 
combination both the piezoelectric and electrostatic effect.  
 
(a) (b) 
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Figure 5.20: Slope of the (a) Lateral field actuated AlN air-bridges (b) Longitudinal 
field actuated AlN air-bridges.   
 
  
(a) (b) 
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Chapter 6. Conclusions and future work 
 
AlN air-bridges have been fabricated using silicon oxide sacrificial layers by metal  
organic techniques.  Infrared transmissions techniques were developed to determine the 
crystallographic orientation of AlN thin films.  The measurements show that the as-
grown AlN films on SiOx are in a predominantly wurtzite phase. Micro–Raman 
techniques show that AlN air-bridges are preferentially c-axis oriented.  Lateral field 
excitation techniques were developed to determine the piezoelectric response of AlN 
films grown on SiOx.  The results show that the AlN films grown on SiOx exhibit weak 
piezoelectric properties.   The high growth temperature resulted in significant residual 
stress leading to cracking of the AlN air-bridges grown on Silicon substrate. 
 
 Future work need to address the issues of residual stress in order to fabricate 
suspended piezoelectric AlN air-channels for micro nanofluidic channel applications.  
Alternate substrates such as sapphire can be used to fabricate the air-bridges.  But the 
piezoelectric response, and device geometry, of the AlN air-bridges fabricated on 
sapphire substrates needs to be investigated to prove its usefulness. 
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Appendix 
 
Program to calculate the peak height from laser Doppler vibrometer data. 
 
clear all; 
clc; 
c=input('Enter frequency of operation: '); 
v=input('Enter Voltage of operation : '); 
 
 
% Change the space after kHz just in case if the filename doesn't match. 
textfilename = ['img 05 200um 20V sine ' num2str(c) 'kHz  ' num2str(v) 'V.txt']  
 
data=dlmread(textfilename,'\t',5,0); 
 
freq=data(:,1); 
displ=data(:,2); 
 
f1=c*1000; 
f2=2*f1; 
 
[r c]=size(data); 
 
for i=1:length(freq) 
    if (freq(i) == f1) 
        index1= i; 
    end 
    if (freq(i) == f2) 
        index2 = i; 
    end 
end 
 
disp(['Peak height at ' num2str(f1) 'Hz, ' num2str(v) 'V']); 
y1=displ(index1)-displ(index1+4) 
disp(['Peak height at ' num2str(f2) 'Hz, ' num2str(v) 'V']); 
y2=displ(index2)-displ(index2+4) 
 
 
